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This volume is a collection of papers

cated alternative resources —

concerned

selected from the papers presented at the

researchers are doing what they can to

Third Annual UMR-MEC Conference on Energy

help our nation achieve energy self-reli

held at the University of Missouri-Rolla

ance and stability.

on the dates of October 12-14, 1976.

Papers covering the work of many of the

Guided by the President's goal of energy

nation's outstanding researchers are

independence by 1980, the UMR-MEC Confer

contained in this volume.

ence on Energy organized in 1974 with the

of independence, the criteria for avail

purpose of providing social scientists,

ability, and the technical methods and

scientists and engineers a means for rapid

advancements for meeting the goal of

communication of their most recent re

energy independence are central to the

The definition

search results in the field of energy and

choice of a U. S. energy strategy and the

to offer solutions to the energy related

theme for this year's conference, "Energy

problems of local government, business,

Crisis - An Evaluation of Our Resource

industry and the general public.

Potential".

Since that time there has been consider

Striving for an exchange of ideas on the

able difference of opinion regarding the

energy problem, the UMR-MEC Conference on

meaning of energy independence, and even

Energy is sponsored annually by the Uni

greater differences as to how the goal of

versity of Missouri-Rolla and the Gover

independence should be achieved.

nor's Energy Council within the State of

To some,

energy independence is a condition in

Missouri's Department of Natural Resources

which the U. S. receives no energy through

with the cooperation of the professional

imports and produces all of its energy

societies listed on the previous page.

domestically.

Much of the conference support is provided

To others, energy indepen

dence is a condition in which the U. S,

through the program of company registra

imports some energy to meet it's require

tions.

ments, but only to acceptable levels of

registration program are listed on the

political and economic vulnerability.

previous page.

Concerned citizens throughout our country,

Papers presented at the conference are

This year's participants in this

(1 ) those that are

aware of the nation's critical dependence

of two categories:

on its energy resources, are actively

presented by invitation and (2 ) those

working on solutions to our energy supply

selected from papers submitted in response

and in the development of new alterna

to an open call for papers.

tives to traditional energy systems and

selected by a committee of experts from

patterns of energy utilization,

At every

the University of Missouri-Rolla and the

level -- from trying to lower energy con

Missouri Department of Natural Resources

sumption to the development of sophisti

in the various fields emphasized in the

V

Papers are

conference.
Suggestions for papers are
always welcome if received by April 15
in the year of the conference.

the success of the Conference.

The help

of the Session Chairmen, Co-Chairmen and
the organizing Committee is gratefully

The meeting is open to all persons inter

acknowledged.

ested in energy resources, its extraction,

tion goes to the many authors whose con

A special note of recogni

its environmental effects and in econo
mics and policies related to energy

their efforts, the success of the Con

resources and processes.

provides a forum for social scientists,

ference was assured, as well as the value
of the printed proceedings.

scientists, and engineers in universities,
industry, business or government to meet

these and other outstanding social scien

and exchange ideas between themselves and

tists, scientists, engineers and public

the general public.

servants,

tributions appear in this tome.

The Conference

Academic sponsorship

With

Through the continued research efforts of

I am confident that our nation

is intended to provide the freest possi

will meet the challenges and achieve its

ble discussion ranging from the most

goal of energy independence in the 1980's.

technical detail through the economic
questions and to the social and political
aspects of the sub ject of energy.

J . Deraid Morgan
Emerson Electric Professor
of Electrical Engineering,
Conference Director,
UMR-MEC Conference on Energy
University of Missouri-Rolla
Rolla, Missouri

The sponsors of the Conference and the
Director, in particular, thank the com
panies and individuals contributing to
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On the occasion of our nation's 200th

excessive energy use, discouraging devel

anniversary we call attention to the fact

opment of new domestic sources of energy,

that America's history has been charac

and hiding from the public the true di

terized by the consumption and depletion

mensions of our energy shortage.

of nonrenewable natural resources to the

We encourage government to immediately

point where our national future and the

deregulate all energy including natural

welfare of our people are in’serious jeo

gas and oil.

pardy.

our best hope of accomplishing an order

The technology, human resources

Immediate deregulation is

and vision needed to slow and stop this

ly transition to new energy sources and

depletion are now available.

new energy consumption levels.

It is urgent

that our national planning horizon be
If government regulation is not lifted,

enlarged to take account of the needs of

we foresee imminent energy shortages—

Americans for at least the next 200 years.

shortages which will cause severe econo

We must make plans for the orderly and

mic and political disruptions.

necessarily imminent transition from the
consumption and depletion of nonrenewable

We recognize that freeing energy prices

resources to the steady-state use of

will create problems of equity and social

renewable resources.

justice.

We believe energy is currently supplied

are separate and distinct from energy

by the too rapid exhaustion of oil and
gas reserves.

We recommend that these pro

blems be addressed with mechanisms which
price controls.

Immediate moves to increase

conservation and moves to encourage major

Our energy strategy based on a 200 year

new domestic energy production are neces

future horizon contains these principal

sary if the U.S. is to avoid an energy

elements:

crisis more severe than any yet experi

(1)

We place primary emphasis on

enced .

energy conservation in all

We are nearly unanimous in our belief

areas.

that current government control of energy

of energy must include:

prices is exacerbating the world-wide
energy problems.

Adequate conservation

- Acceptance of individual re
sponsibility for conservation
by every consumer

Holding prices for

energy at sub-market levels is encouraging
VII

- Ongoing corporate emphasis
on conservation

(5)

which energy consumption is equal

- Re-examination of the poli
cies and proposals of unions,
trade associations and in
terest groups with respect
to these policies' effects on
energy use

to renewable energy production—
a future which ceases to consume
or use up nonrenewable fossil and
mineral resources, but has these

- Systematic examination of all
government regulations and
elimination or modification
of any provisions which cause
needless energy consumption
(2)

Our energy goal Is a future in

resources available for use in
recycleable products.

We place primary long-term energy

The following conference participants have

supply emphasis on renewable

signed the above conference statement with
the following proviso:

sources of energy.

We are satis

fied that the extraction of

I support the conference position
paper and feel it reflects a consen
sus of participant attitudes In
regard to our nation's energy needs.
My support is personal and does not
attempt to convey official state
ments of my organization.

energy from solar, wind, geother
mal, and bio-conversion processes
is technically feasible.

Rapid

development of these sources will
be encouraged by decontrolling

(3)

(4)

fossil fuel prices.

Donald R. Abraham

T. H. Eblen

We project the supply of oil

Mangi L. Agarwal

D. Ray Edwards

and gas diminishing at a rate

Dan Babcock

Jerome A. Eyer

faster than any feasible pro

B. M. Barnhart

H. V. Fablck

jection of offsetting conserva

Albert A. Bartlett

Larry A. Farmer

tion and renewable energy

David L. Bodde

John B. Farr

development.

William F. Bonner

W. S. Fellows

essential the rapid domestic

Juan A. Bonnet, Jr.

S. F. Glover

development of new nonrenewable

James P. Bosscher

Bruce H. Green

energy sources including shale
oil and coal.

Robert A. Britton

Harvey H. Grice

Paul Burk

Villard S. Griffin,

Harold L. Burke

Edwin J. Guhse

James K. Byers

Barbara N. Hale

Therefore we find

When we balance the concerns.ex
pressed over nuclear fission with
the problems of abrupt energy
shortages, we conclude that nu
clear energy is essential and we
believe nuclear fission and fu
sion development should go for
ward.

Until the breeder program

is proven, we do not feel nuclear
fission can do more than lessen
intermediate term energy shortages
sufficiently to allow the orderly
development of renewable energy
sources.

Lee Carter

Gary P. Harper

Thomas R. Casten

Burns E. Hegler

Wen S. Chern

W. M. Hennington

C. R. "Bob" Clark
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OPENING REMARKS

by
R. L. Bisplinghoff
UMR-MEC CONFERENCE ON ENERGY
October 12, 1976
Ladies and Gentlemen:
I extend to all of you a cordial welcome
to the University of Missouri-Rolla.

would hope that everybody in this room

You

would answer with a resounding yes.

are our guests and we want to treat you
as guests by extending our hospitality in
every possible way.

What

we do not have is the decision making sys
tem and the institutions to implement these

The UMR-Missouri En-

solutions. What we do have is a method
of identifying and eliminating the institu

ergy Council Conferences on Energy are
very important events at this university

tional barriers whether they be legal, fi

and I am certain that all of you will find

nancial, legislative, management, or pro
tection of special interests.

the conference a rich and rewarding ex
perience .

Governor Bond is one of the few political
My principal assigment is to introduce

leaders that I have met who understands

Governor Christopher Bond of Missouri who
will deliver the keynote address.

this problem - who has thought through and

I am

identified the institutional barriers to

going to make this introduction by a short
five minute talk entitled, "Energy and
Governor Bond".

energy solutions and then attempted to do
something about them.

This talk begins in the

Southern Governors Conference on Energy, he

late 1960's when the nation put two men

has emphasized the importance of a clear

on the moon and brought them back succes
sfully.

understanding of the barriers to energy de

Apollo resulted from a rare and

fortuitous window in history,

a

velopment due to capital investment short

confluence

of political opportunity with maturing of
space technology. A general mis-impression
grew from that experience that almost all
of the nation's ills could be solved by
science and technology.

Christopher S. Bond, Governor of Missouri.

the facts are that solutions to most of
our nation's problems whether they be
energy, transportation, health, urban
housing or communications are not limited

best example.

The limiting
Energy is the

Do we have the natural re

sources and the technical know how to
solve the nation's energy problems?

finest state energy conservation plans.
Ladies and gentlemen, I know you are eager
sent with a great deal of personal pleasure,

a few people still have this impression,

by science and technology.

ages. He is a champion of conservation
and is developing one of the nation's

to hear our keynote speaker and I now pre

Although quite

barriers are institutional.

As Chairman of the

I
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Proclamation:

WHEREAS, the purpose of the Annual UMR/MEC

Office of the Gowmor
State of Missouri

Conference on Energy is to provide a forum o f exchange
between social scientists, scientists, engineers, and the public
on

energy developments

in the areas of conservation,

conversion, resources, economics, and policy; and
WHEREAS, energy research, development and policy
analysis is vital to the nation; and
W HEREAS,

the

faculty

of

the

University

of

M issouri-R olla have joined w ith the Missouri Energy Council
w ith in the Missouri Department o f Natural Resources to
organize this conference on energy; and
WHEREAS, those attending this year's conference are
citizens, social scientists, scientists, and engineers from all
segments of our society concerned w ith the energy question;
and
WHEREAS, this year's conference theme is "Energy
Crisis—An Evaluation of Our Resource Potential":
NOW, THEREFORE, I, CHRISTOPHER S. BOND,
GOVERNOR OF THE STATE OF MISSOURI, do hereby
recognize the conference participants fo r their contributions
and interest in providing solutions to questions of energy
resources, conservation, conversion, economics, and policy
for the benefit of mankind; and hereby recognize the
organization committee directed by Dr. J. Deraid Morgan for
their efforts in preparing this outstanding energy conference;
and do hereby offer a sincere welcome to the attendees of
the 1976 UMR/MEC Conference on Energy.
IN TESTIMONY WHEREOF, I have hereunto set my hand
and caused to be affixed the
Great Seal o f the State of
Missouri,

in

the

City

of

Jefferson, this 28th day of
September, 1976.

ATTEST:
*

2> clScA jlcJclJ
SECRETARY OF STATE
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GEOPHYSICAL APPROACHES TO COAL
EXPLORATION, A REVIEW
Gerald B. Rupert
University of Missouri - Rolla
Rolla, Missouri

Abstract
The exploration for minerals by geophysical means has been confined
largely to the search for hydrocarbons and metallics while appli
cations to coal exploration are somewhat limited. However, the
surface reflection seismic technique has been successfully applied
not only to delineating coal deposits but also as a tool in mine
exploitation. Furthermore, channel waves generated underground
have demonstrated potential in detecting the presence of faults in
advance of the coal face and Vibroisis* experiments have been con
ducted whereby abandoned underground workings have been detected
by surface seismic arrays. Examples of all of the preceeding are
presented and discussed.
1.

INTRODUCTION

The exploration for minerals has pro

of coal as a major energy resource, the

gressed from primarily the application of

necessity of its maximum extraction, and

surface geology to the routine use of

the emphasis on safe mining methods, it is

sophisticated geophysical techniques.

no longer adequate to only know the gen

The acceptance of potential methods such

eral extent of the coal deposits.

A de

as gravity, magnetics, and electrical

tailed structural picture is often a

measurements is nearly universal in the

necessity and this plus the sedimentary

search for metallic deposits while the

nature of both the coal deposits and the

petroleum industry relies primarily on

overlying and underlying rock units make

the seismic reflection method.

the reflection seismic technique a logi

Thus un

til the last few years coal exploration

cal exploration tool.

Furthermore, be

alone, for all practical purposes, has

cause of the same necessity for a detailed

been confined to surface geology and the

subsurface picture coupled with advances

application of the drill hole.

in the state of the art of instrumenta

This can

tion and data processing, seismic surveys

be explained somewhat by the large areal
extent of the major coal basins, the

are competitive in cost with a fine grid

large supply with respect to demand, the

drilling program and applications of

success of delineating deposits with rel

seismic techniques are becoming more

atively few drill holes and lastly the

frequent.

cost of geophysical exploration methods.
However, with the increasing importance
*Trademark, Continental Oil Company

1

2.

FUNDAMENTALS

for the propagation of Rayleigh and Love

Whenever energy is injected into the

waves.

Unlike a dilatational wave whose

ground, it is propagated through the earth

particle motion is in the same direction

until it encounters a change in the a-

of the direction of wave propagation, the

coustic impedance, which is the product

motions of the two aforementioned are

of rock density p and sound velocity v.

retrogade elliptical and horizontally

For the simplest case of normal incidence

polarized respectively.

and elastic materials, the ratio of the

Because of the generally low velocity of

amplitude of the reflected dilatation wave

coal seams in comparison to the surround

Ar to the incident dilatation wave ampli

ing shales and sandstones, the generation

See Figure 2.

of both types of waves is possible.

tude A^ at this interface is

Such

was done by Krey (1963) for a series of
P2V2
A.

1

Plv l

(1 )

experiments to detect faulting of coal

P 2V 2 + P 1V 1

seams by seismic means.

and that for the transmitted amplitude
Afc is given by
A

For this he

mounted geophones in the middle of coal
seams on the wall of an entry

and initi

ated energy either by small explosive

2P1V 1

(2)

charges or blows of a hammer.

P2V 2 + plV l

Both Ray

leigh and Love waves were identified on
Fortunately, for the seismologist the im

the seismic records by means of their

pedance of coal as compared to that of

theoretical velocities and the planes of

shale, sandstone, and limestone is such

recorded particle motion.

that a strong reflection Ar results.

successful generation and identification

Typical values are shown in Figure 1 with

of channel waves, a geophone array was

a simplified reflection geometry diagram.

affixed to a coal seam between the energy

Although conditions may exist for gen

source and a fault which crosses the

erating a strong reflection from the top

entry.

of a coal bed, it may not be possible to

(Figures

length A is large with respect to the

3-5)-

This is especially

apparent in Figure 5 where the direct and

Because the veloc

reflected events differ only in the di

ity of propagation v is the product of A

rection of slope.

and the frequency f, it is necessary to

Although this is only

one experiment, the ability to detect

generate high frequency waves in order to
obtain short wavelengths.

In this manner both direct and

reflected channel waves were recorded.

detect the event if the seismic wave
coal seam thickness.

After the

faulted conditions ahead of the working

Although this

face by geophysical means seem feasible.

generation has always been possible, the
response of conventional petroleum ex

3.2

ploration instruments was not adequate

A somewhat unusual application of geo

for the high frequency recording re

physics to coal exploration is the use of

quired for thin bedded coal deposits.

Vibroseis, an energy injection method, to

3.
3.1

VIBROSEIS

delineate abandoned coal mine workings.

APPLICATIONS

Such was done by the Continental Oil

CHANNEL WAVES

Company on their Consolidated Coal prop
Whenever a low velocity layer overlies

erties located approximately 65 miles

a high velocity layer, conditions exist

northeast of St. Louis, Missouri.

2

(Miller and Dunster, 1974) .

southern portion of Limburg province.

Here a pro^

Con

grammed Vibroseis sweep was injected into

ventional surface seismic profiles were

the ground over both mined and unmined

shot, and the data corrected and inter

areas.

After processing, the resulting

preted as that for petroleum exploration.

data was examined for changes in ampli

The high acoustic impedances at the coun

tude and structure.

try rock-coal boundary, 0.35-0.50 theo

The former are pre

dictable from Equation 1 and theoretical

retically should give rise to strong re

reflected events from different mine con

flections but these values were counter

ditions are illustrated by Figure 6.

acted by the relatively large wavelength

As

an example of actual field data, Figure 7

to seam thickness rations.

is particular striking in that there is a

interference of the reflections from the

distinct deterioration of record quality

top of the seam (shale coal) and the

between sourcepoints 25-45.

bottom (coal shale) complicated the iden

This illus

Consequently,

trates the high impedance contrast be

tification of the two interfaces.

tween the air-filled workings and the

more, the same impedance values resulted

unmined areas.

in large transmission losses through the

Another indication of the

Further

presence of an old working is as in

first seam and thus subsequent reflections

Figure

were quite weak.

8.

On that portion of the record

However, the data were

representative of the seismic line direc

still adequate for structural mapping.

tly over a known tunnel, a definite sag

(Figure

is apparent.

3.3.2

Interpretation should be

9 ).
Great Britain

done with caution as an improper pro
In the ten years following the work of

cessing of the data can create false
structure.

Van Riel, the development of shallow high

Although the major objective

frequency, high resolution seismics has

of the experiment was not to map coal

progressed from the development to the

seams, it is of interest to note the

application phase.

continuous reflection originating from

This is especially

apparent in Great Britain where the tech

the top of the coal thus confirming the

niques was successfully applied at

value of the seismic method.

Acaster Nellis in the heart of the Selby
3.3
3.3.1

STRUCTURAL MAPPING

Coalfield.

Rees (1975).

Although Rees

does not give a statistics concerning

The Netherlands

Until recently, because of the time

shot point spacings and other shooting

proven success of locating coal beds by

information, he mentions other work that

exploratory drilling, the practicality of

suggests a half to one and one half mile

seismics as an exploration tool might be

spacing is adequate for fault identifi

debated.

cation.

However, once a basin has been

A recent paper by Clarke (1976)

discovered, detailed structural mapping

however, states the initial Selby work

may not only be desirous but a necessity

utilized a 25 to 50 foot grid pattern and

for mine development and exploitation.

a energy source of either 5 lbs of ex

Among the earlier investigations of this

plosives at 50 feet of 1 lb at 10 feet,

nature was that reported by Van Riel

A seismic section from Selby is as in

(1965).

Figure 10.

This was conducted by a joint

Note the continuity and base

effort of the Dutch Government and the

of the Permian reflections and the fault

Dutch State Mines in the central and

displacement.
3

Although the latter may be

much greater than that- encountered in

(5)

Rees, P.B., 1975, "Exploitation of

American mines, the value of high resolu

Deposits:

tion seismics is illustrated.

Engineer, V. 135, p. 321-335.

Similar

lines identified the displacement of

(6)

Exploration," The Mining

Clarke, A.M., 1976, "Seismic Survey

water bearing strata and thus prevented

ing and Mine Planning:

not only a potentially dangerous con

lationships and Application,"

dition but losses in time and money.
4.

Their Re

International Coal Exploration
Symposium, London, England.

SUMMARY

6.

The use of seismic methods for both coal
exploration and mine exploitation has
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from a coal seam.

Direction of wave
Particle motion same direction as
Dilatation

that of the wave.

wave

Direction of wave
Particle motion elliptical
(b)

Rayleigh
wave

Direction of wave
Particle motion transverse

(c)

Love
wave

Fig. 2.

Directions of wave and particle motion.
(After Dobrin, 1960.)
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Fig. 3.

Fig. 4.

Reflection record showing reflected channel
wave.

Energy source to fault distance 225

feet.

(After Krey, 1963.)

Reflection record showing reflected channel
wave.

Energy source to fault distance 280

feet.

(After Krey, 1963.)
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Fig. 5.

Reflection record showing direct and reflected
channel waves. Energy source to fault distance
350 feet.

R E F L E C T IO N FR OM
B E N E A T H THE
COAL ZONE

A M P LITU D E

A M P LITU D E

A M PLITU D E

R E F L E C T IO N
FROM THE
COAL ZONE

(After Krey, 1963.)

Fig. 6.

Theoretical reflection amplitudes
from different mine conditions.
(After Miller and Dunster, 1974.)
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M IN E D

Fig. 7.

-100'

Reflection profile showing data
deterioration below the coal zone in
a mined area.

(After Miller and

Dunster, 1974.)

T IM E IN T E N T H S O F S E C O N D S

M INED

Fig. 8 .

Reflection profile showing roof sag
below source point 51.
and Dunster, 1974.)
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(After Miller

317

318

319

320

opposite dip of coal beds
(carboon) and the overlying
rock (dekterrin).

(After

Van Riel, 1955.)
MO

Fig. 10.

100* MIT

Reflection profile at Selby
showing faulting.
(After
Rees, 1975.)
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THE FORGOTTEN FUNDAMENTALS OF THE ENERGY CRISIS (1)
Albert A. Bartlett
Department of Physics and Astrophysics
University of Colorado at Boulder, Colorado, 80309
"Facts do not cease to exist because they are ignored"; Aldous Huxley.
1.

INTRODUCTION

.

3.

THE POWER OF POWERS OF TWO

Papers at an energy conference may tend
to deal with details. The details are
important, but only if they relate to
the national or global picture. We know
that an energy crisis has motivated us
to look at all manner of detail in regard
to our own particular uses of energy.
We hear political leaders of the United
States speaking of "energy self-suffi
ciency" and of "Project Independence".
We have the vague feeling that arctic
oil from Alaska will relieve the energy
crisis, and we are told that the United
States is in good shape in the long run
because of our vast deposits of coal.
What are the facts?

If you place one grain of wheat on the
first square of a chessboard, 2 on the
second, 4 on the third, 8 on the fourth,
16 on the 5th, etc. you will have 2fe^
grains on the 64th square and the total
grains on the board will be one grain
less than 2°**. How much wheat is 2fcl+
grains? Simple arithmetic shows that it
is approximately 500 times the current
annual harvest of wheat in the entire
world; an amount that is probably larger
than all the wheat that has been harvested
in the history of the earth'. How did we
get to this enormous number? We started
with one grain of wheat and we doubled
it a mere 63 times!

Rather than take you into the sticky
abyss of statistics, I wish to rely on
a few data and the pristine simplicity
of elementary mathematics. With these
basic tools I believe I can give you
a new and reasonably clear understanding
of the gravity of the energy problem.

Exponential growth is ’characterized by
doubling, and a few doublings can lead us
quickly to enormous numbers.

2.

MATHEMATICAL BACKGROUND; A REVIEW

When a quantity (such as the rate r(t)
of consumption of a resource) grows a
fixed percent per year, the growth is
exponential
■feP
a .u

) =

n0e

(1)

where r is the current rate of consump
tion (at t= 0), e is the base of natural
logarithms, and k is the fractional growth
per year. The quantity r(t) will grow
to twice its initial value in a time
T2 = (£n 2 ) / k ~ 70/P where P, the percent
gi'jwth per year, is 100k. The constancy
of the doubling time of the growth means
that in one doubling time the growing
quantity will double in size, in two
doubling times it will quadruple, in three
doubling times it will grow by a factor
of 23 = 8, in four doublings it will grow
by a factor of 2^ = 16, etc. It Is nat
ural then that we talk of growth in terms
of powers of two.

Populations tend to grow exponentially.
The world population today is estimated
to be 4 billion people and it is growing
at the rate of 1.9 percent per year. It
Is easy to calculate that at this rate
the world population will grow by one
billion in less than 12 years, the pop
ulation will double to 8 billion in 36
years, the population would grow to a
density of one person per square meter on
the dry land surface of the earth (exclu
ding Antarctica) in 550 years, and the
mass of people would equal the mass of the
earth in a mere 1620 years! Tiny growth
rates can yield incredible consequences!
Compound interest on your account in the
savings bank causes the account balance
to grow exponentially. One dollar at
an interest rate of 5% per year compounded
continuously will grow in 500 years to
$72,000,000,000 and today the interest
would be coming in at the magnificent
rate of $114 a second.
Steady inflation causes prices to rise
exponentially. An inflation rate of 6%
per year will, in 70 years, cause prices
to increase by a factor of 64! If the
inflation continues at this rate the
$0.40 loaf of bread we feed our toddlers
today will cost $ 25.60 when the toddlers
are retired and living on their pensions!
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It has even been proven that the number
of miles of highway in the country tends
to grow exponentially (3 ).

Table 1
The Effect of the Discovery
of New Bottles

The reader can begin to suspect that the
world's most important arithmetic is the
arithmetic of the exponential function.
4.

11:58 AM

Bottle No. 1 is one quarter
full.
Bottle No. 1 Is half-full.
11:59 AM
12:00 Noon Bottle No. 1 is full.
12:01 PM
Bottles No,, 1 and 2 are both
full.
12:02 PM
Bottles No,, 1 , 2 , 3, 4 are
all full.
Quadrupling the resource extends the life
of the resource by only two doubling times!
When consumption grows exponentially,
enormous increases in resources are con
sumed in very short times!

EXPONENTIAL GROWTH IN A FINITE
ENVIRONMENT

Bacteria multiply by division (that
sounds odd doesn't it) so that one bac
terium becomes 2 , the two divide to give
4, the 4 divide to give 8 , etc. For
a certain strain of bacteria the time
for this division is one minute. This is
recognized as being exponential growth
with a doubling time of one minute.
I
put one bacterium in a bottle at 11:00
AM and I observe that the bottle is full
at 12:00 Noon. Here is a simple example
of exponential growth in a finite environ
ment. This is mathematically identical
to the case of the exponentially growing
consumption of our finite resources of
fossil fuels. Keep this in mind as you
ponder three questions about the bacteria.

5. t h e l e n g t h o f l i f e of a f i n i t e
RESOURCE WHEN THE RATE OF CONSUMPTION
IS GROWING EXPONENTIALLY

(1)

When was the bottle half-full?
Answer:
11:59 AM.
(2) If you were an average bacter
ium in the bottle, at what time
would you first realize that
you were running out of space?
There is no unique answer to
this question, so let me ask,
"At 11:55 AM, when the bottle
is only 3% filled and is 97%
empty, how many of you would
perceive that there was a
problem?"
Suppose that at 11:58 some farsighted bac
teria realize that they are running out
of space in the bottle and consequently,
with a great expenditure of effort and
funds, they launch a search for new bottles.
They look offshore and in the Arctic,
and at 11:59 AM they discover three new
empty bottles.
Great sighs of relief
come from all the worried bacteria, because
this magnificent discovery is three times
the number of bottles that had hitherto
been known. The discovery quadruples
the total space resource known to the
bacteria. Surely this will solve the
problem so that the bacteria can be selfsufficient in space. The bacterial "Pro
ject Independence" must now have achieved
its goal.
(3) How long can the bacterial
growth continue if the total
space resources are quadrupled?
Answer: Two more doubling
times (minutes)!
Table 1 documents the last minutes in the
bottles.
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Physicists would tend to agree that ex
cept for sunlight, the world's resources
are finite. The extent of the resources
is only incompletely known, although
knowledge about the extent of the remain
ing resources is growing very rapidly.
The consumption of resources is generally
growing exponentially. Let us plot a
graph of the rate of consumption r(t)
of a resource (in units such as tons
per year) as a function of time measured
in years. The area under the curve in
the interval between times t=0 (the present,
where the rate of consumption is r )
and t=T will indicate the total consumption
C in tons of the resource in the time
interval. This is stated mathematically

C

-

A.O)dt

(2)

If resource consumption follows Eq. 1,
then the total resource consumed in the
interval t=0 to t=T Is
(3)
If the known size of the resource is
R tons we can determine the time Te at
which the resource will expire by substi
tuting R for C, and Te for T in Eq. 3.
(T
R

.

-

We may solve this for Te to obtain
T

e

-

This equation is valid for all positive
values of k and for those negative values
of k for which the argument of the logar
ithm is positive. I suspect that Eq. 5
and its application to the resources of
this nation and of the world constitute
the best kept scientific secret of the
century■

6.

HOW LONG WILL OUR FOSSIL
FUELS LAST?

Col. 3

The question of how long our resources
will last is perhaps the most important
question that can be asked in a modern
industrial society. Dr. M. King Hubbert
a geophysicist with the United States
Geological Survey In Reston, Va. is a
world authority on the estimation of
energy resources and on the prediction
of their patterns of discovery and deple
tion. Many of the data used here come
from Hubbert's reports.(4, 5) The three
figures in this paper are redrawn from
figures in his papers. These reports
are required reading for anyone who wishes
to understand the fundamentals and many
of the details of the problem.

Col. 4

Col. 1
Zero
1
2
3
4
5
6
7
8
9
10

Table 2 gives statistics on production
of crude oil in the United States.

is the lifetime calculated using
R =’93.4 + 10 to Include the
Alaskan oil.
is the lifetime calculated using
R = 93.4 + 10 + 103.4 = 206.8
to include Alaskan oil and a hy
pothetical estimate of U.S. oil
shale.
Col. 2
28.4 yrs
25.0
22.5
20.5

19.0
17.7
16.6
15.6
14.8
14.1
13.4

Col. 3
31.4 yrs
27.3
24.4
22.1
20.4
18.9
17.7

16.6
15.7
14.9
14.2

Col. 4
62.8 yrs
48.8
40.7
35.3
31.4
28.4
26.0
24.1
22.4
21.1
19.9

Table 2
United States Crude Oil (lower 48 States)
q
Units are ID barrels
(1 barrel= 42 U.S. gallons=158.98 liters)
Ultimate Production
Produced to 1972
Percent of Total Production
produced to 1972
Annual Production rate 1970

190
96.6
50.8%
3.29

Note that since one-half of our domestic
petroleum has already been consumed, the
"petroleum time" in the U.S. is one min
ute before noon! Figure 1 shows the
historical trend in domestic production
of crude oil. Note that from 1870 to 1929
the rate of production of domestic crude
oil increased exponentially at a rate of
8.27 percent per year with a doubling time
of 8.4 years. If the growth in the rate
of production stopped and the rate of
production was held constant at the
1970 rate, the remaining U.S. oil would
last only 28 years!

Fig.l. History of crude oil pro
duction in the U.S. As the resource
expires the production falls below
the exponential straight line curve.

The vast shale oil deposits of Colorado
and Wyoming represent an enormous re
source. Hubbert reports that the oil re
coverable under 1965 techniques is 80 x.io'*
Table 3
barrels, and he quotes other higher es
timates. In the preparation of Table 3,
Life Expectancy in Years of Various Es
I used the figure 103.4 x 10^ barrels
timates of U.S, Oil Reserves for Different
as the estimate of U.S. shale oil so
Rates of Growth of Annual Production
that the reserves used In the calculation
of Col,4 would be twice those that were
a
used in the calculation of Col. 3. This
Units are 10 barrels
table makes it clear that when consumption
is rising exponentially, a doubling of
This table is prepared by using E q . 5 with
the remaining resource results in only a
r0 = 3*29 B barrels per year. Note that
small increase in the life expectancy of
this is domestic production which is
only about one half of domestic consumption. the resource.
Col. 1 is the percent annual growth rate.
Col. 2 is the lifetime of the resource
Anyone who wishes to talk about energy
which is calculated using R =
self-sufficiency in the United States
190-96.6 = 93.4 as the estimated
(Project Independence) must understand
oil remaining in the lower 48
Table 3 and the exponential function
upon which it is based.
states.
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Col. 1

Col. 2

Col. 3

Col. 4

Zero

101 yrs

1
2

69.9
55.3
46.5
40.5

113 yrs
75.4
59.0
49.2
42.6
37.8
34.1
31.2
28.8

147 yrs
90.3
68.5
5'6.2
48.2
42.4
38.0
34.6

26.8

29.5
27.5

Table 4
World Crude Oil, Data
Units are 10^ barrels
Ultimate total production (4)
Produced to 1972
Percent of total production
produced to 1972 (4)
Annual Production Rate 1970

3
4
5

36.0
32.6
29.8
27.6

6

1952
26l

7

8
13.4%
16.7

Note that a little more than one-eighth
of the world oil has been consumed. The
"world petroleum time" is between two and
three minutes before noon, i.e. we are
between two and three doubling times from
the expiration of the resource.

9

25.7
24.1

10

25.1

31.8

From these calculations we can draw a
general conclusion of great importance.
When we are dealing with exponential
we do not need to have an accurate
growth '
estimate of the size of a resource in or
der to make a reliable estimate of how long
the resource will last.
----1.. —
• P R O D U c.t i o h

Fig. 2 shows the historical trend in
world crude oil production. Note that
from 1890 to 1970 the production grew
at a rate of 7.04 percent per year, with
a doubling time of 9.8 years. It is easy
to calculate that the world reserves of
crude oil will last 101 years at the 1970
level of production.
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Table 4 gives statistics on world produc
tion of crude oil.

Table 5 shows the life expectancy of
world crude oil reserves for various
rates of growth of production and shows
the amount by which the life expectancy
is extended if one ad.ds world deposits
of oil shale. Column 4 is based on the
assumption that the available shale oil
is four times as large as the value re
ported by Hubbert. Note again that the
effect of this very large hypothetical
increase in the resource is very small.
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Fig. 2. History of world production of
crude oil. The straight line shows
exponential growth.
As the reader ponders the seriousness
of the situation and asks, "what will
life be like without liquid petroleum
products?" the thought arises of heating
homes electrically or with solar power
and of traveling in electric cars. A
far more fundamental problem becomes
apparent when one recognizes that modern
agriculture is based on petroleum-powered
machinery and on petroleum-based fertili
zers. This is reflected in a definition
of modern agriculture.

Table 5
Life Expectancy in Years of Various Es
timates of World Oil Reserves for
Different Rates of Growth of Annual
Production.
Units are 108 barrels.
This table is prepared by using Eq. 5
with r0 = 16.7 B barrels per year.
Col. 1 is the percent annual growth rate
of production.
Col. 2 is the lifetime of the resource
calculated using R = 1691 as the
, estimate of the amount of the re
maining oil.
Col. 3 is the lifetime calculated using
R = 1691 + 190 = 1881 representing
crude oil plus oil shale.
Col. 4 is the lifetime calculated using
R = 1691 + 4(190) = 2451 which
assumes that the amount of shale
oil is four times the amount which
is known now.

Modern agriculture
is the use of land
to convert petroleum
into food.
ITEM
"We have now reached the point
in U.S. agriculture where we use
80 gallons of gasoline or its
equivalent to raise an acre of
corn, but only nine hours of human
labor per crop acre for the aver
age of all types of produce." (6 )
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It is clear that agriculture as we know
It will experience major changes within
the life expectancy of our students.
With these changes could come a major
further deterioration of world-wide lev
els of nutrition; yet we still have people
who proclaim that Malthus has been proven
to be wrong!

Table 8
Lifetime in Years of United States Coal
The lifetime in years of U.S. coal re
serves (both the high and low estimate)
are shown for several rates of growth
of production from the 1972 level of
0.5(xl0^) metric tons per year.

It has frequently been suggested that
coal will answer the U.S. and world ener
gy needs for a long period in the future.
What are the facts?
Table 6 shows data on U.S. coal production
that are taken from several sources.
Table 6
United States Coal Resource
Units are 10^ metric tons
Ultimate Total Production (4)
High estimate
1486
Low estimate
390
Produced through 1972 (My es
timate from Hubbert's Fig. 22) 50
Percent of ultimate production
produced through 1972
Percent of High estimate
3%
Percent of Low estimate
13%
Coal resource remaining
High estimate
1436
Low estimate
340
Annual Production rate, 1972
0.5
Rate of export of coal, 1974
0.06
Annual Production Rate, 1974
.6
Projected Future Rates of Production
Annual Production Rate 1980
1.3
Annual Production Rate 19 85
2.1

Zero
1
2
3
4
5
6
7
8
9
10
11
12
13

2872 yrs
339
203
149
119
99
86
76
68
62
57
52
49
46

Low
Estimate

680 yrs
205
134
102
83
71
62
55
50
46
42
39
37
35

We can see from Table 8 that even a
modest exponential growth of the rate
of consumption of coal will consume the
"vast U.S. reserves" of coal In a very
short time.

Fig. 3 shows the history of coal produc
tion in the U.S. Note that from i860
to 1910, U.S. coal production grew exponen
tially at 6.69 percent per year
(T;>_ = 10.4 years). The production then
leveled off at 0 .5x 108 tons per year
which, held approximately constant until
1972 whereupon the rate started to rise
steeply.
The 1974 datum and the govern
mental goals for 1980 and 1985 are shown
with crosses. Coal consumption remained
level for 60 years because our growing
energy demands were met by petroleum
and natural ^.s. From the data of Table
6 we can estimate the average annual
rates of growth of coal production as
represented by the government's production
goals.
Table 7
1974 to 1980
1980 to 1985
1974 to 1985

High
Estimate

Fig. 3. History of coal production in
the U.S. The three crosses in the upper
right are the datum for 1974 and the
production goals for 1980 and 1985.

13%
9.6%
11%

7.

WHAT DO THE EXPERTS SAY?

Now that we have seen the facts, let
us examine what some branches of our
federal government say about coal.

Table 8 shows how long the two estimates
of U.S. coal reserves will last for var
ious rates of increase of the rate of
production as calculated from Eq. 5.
1 14

"It is clear, particularly in the
case of coal, that we have ample
reserves." "We have an abundance
of coal in the ground. Simply
stated, the crux of the problem is
how to get it out of the ground
and use it in environmentally
acceptable ways and on an econ
omically competitive basis."
"At current levels of output and
recovery these reserves can be
expected to last more than 500
years." (7)

"He
are
mum
mum

estimated America's coal reserves
so huge, they could last 'a mini
of 300 years and probably a maxi
of 1000 years'".
(9)

While we read these news stories we are
bombarded by advertisements which say
that coal will last a long time at pre
sent rates of consumption and which say
at the same time that we must dramatically
increase our rate of production of coal.
"At the rate the United States uses
coal today, these reserves could help
keep us in energy for the next two
hundred years."
"Most coal used in America today is
burned by electric power plants----(which)— consumed about 400 million
tons of coal last year. By 1985
this figure could jump to nearly
700 million tons".
(10)

Here is one of the most dangerous state
ments in the literature. It is dangerous
because news media and the energy compan
ies pick up the idea that
"United States coal will last over
500 years"

Other advertisements stress just the
500 years (no caveat)

while the media and the energy companies
forget or ignore the important caveat
with which the sentence began,

"We are sitting on half the world's
known supply of coal - enough for over
500 years."
(11)

"At current levels of output--- "
The right hand column of Table 8 shows
that at zero rate of growth of consump
tion even the low estimate of the size
of the U.S. coal resource "will last
over 500 years", but if the government's
initial plan of increasing coal production
at an annual rate of 13% is maintained
without change, then the low estimate
of the U.S. coal resource, will be gone
in 35 years! See Table 7.

Some ads stress the idea of self-suffi
ciency without stating for how long a
period we might be self-sufficient.
"Coal, the only fuel in which America
is totally self-sufficient." (12)
Other ads suggest a deep lack of under
standing of the fundamentals of the
exponential function.

It is absolutely clear that the govern
ment does not plan to hold coal production
constant "at current levels of output."

"Yet today there are still those who
shrill (sic) for less energy and no
growth"
"Now America is obligated to generate
more energy - not less - merely to pro
vide for its increasing population"
"With oil and gas in short supply,
where will that energy come from?
Predominantly from coal. The U.S.
Department of the Interior estimates
America has 23% more coal than we
dreamed of.
4,000,000,000,000
(trillion!) tons of it. Enough for
over 500 years." (the non-sentences
are in the original) (13)

"Coal reserves far exceed supplies
of oil and gas, and yet coal supplies
only 18% of our total energy. To
maintain even this contribution we
will need to increase coal production
by 70% by 1985, but the real aim to increase coal's share of the energy
market will require a staggering
growth rate"
(8)
While the government is telling us that
we must achieve enormous increases in
the rate of coal production, other gov
ernmental officials are telling us that
we can increase the rate of production
of coal and have the resource last for
a very long time.

A simple calculation based on a current
production rate of 0.6x10** tons per year
shows that the growth in the rate of pro
duction of coal can't exceed 0.8% per
year if the ad's 4xl0,a- tons of coal
is to last for the ad's 500 years. Note
that the 4xl012, tons cited in the ad
is 2.8 times the size of the large estimate
of U.S. coal reserves and Is 12 times
the size of the smaller estimate of U.S.
coal reserves as cited by Hubbert.

"The trillions of tons of coal lying
under the United States will have to
carry a large part of the Nation's
increased energy consumption, says
(the) Director of the Energy Division
of theChk Ridge National Laboratories"
15

"It is not true that we are
running out of resources that
can be easily and cheaply
exploited without regard for
future operations."

We may wish that we could have rapid growth
of the rate of consumption and have the
reserves of U.S. coal last for a large
number of years, but first-year college
calculus Is all that is needed to prove
that these two goals are incompatible.
At this critical time in our nation's his
tory we need to shift our faith to cal
culations (arithmetic) based on factual
data and give up our belief in Walt Dis
ney's First Law (14)

His next sentence denies that growth is
a serious component of the energy problem.
"It is not true that we must turn our
back on economic growth" (emphasis is
in the original).

"Wishing will make it so."
Three sentences later he says that there
may be a problem.

On the broad aspects of the energy pro
blem we note that the top executive of
one of our great corporations is probably
one of the world's authorities on the ex
ponential growth of investments and com
pound interest. However he observes that
"the energy crisis was made in Washington."
He ridicules "the modern-day occult pre
diction" of "computer print-outs" and
warns against extrapolating past trends
to estimate what may happen in the future.
He then points out how American freeenterprise solved the great "Whale Oil
Crisis" of the l850's. With this example
as his data base he boldly extrapolates
into the future to assure us that Ameri
can ingenuity will solve the current
energy crisis If the bureaucrats in
Washington will only quit interfering. (15)

"We must face the fact that the well
of non-renewable natural resources is
not bottomless" (19 )
He does suggest that the lack of "leadership
is part of the problem.
We have the opening paper in an energy con
ference in which a speaker from a major
energy company makes no mention of the con
tribution of growth to the energy crisis
when he asserts that
"The core of the energy problem both
U.S, and worldwide" is "our excessive
dependence on our two scarcest energy
resources— oil and natural gas".

We have ads by a major power company
telling us that
"There is an increasing
scarcity of certain fuels■
But there is no scarcity of energy.
There never has been.
There never will be.
There never could be.
Energy is Inexhaustible" (16)
(Emphasis is in the original).

For him continued growth is not part of
the problem, it is part of the solution!
"More energy must be made available at
a higher rate of growth than normal—
in the neighborhood of 6 percent per
year compared to a recent historical
growth rate of 4 percent per year. (20)
And finally we note the Board Chairman of
a major multinational energy corporation
who concludes the discussion "Let's Talk
Frankly About Energy" with his mild assess
ment of what we must do.

We can read that a professor in a school
of mining technology offers "proof"
of the proposition
"Mankind has the right to
use the world's resources
as it wishes, to the limits
of its abilities-- " (17)

"Getting on top of the energy
problem won't be easy. It will
be an expensive and time-consuming
task.
It will require courage
creativeness and discipline-- " (21)

We have the opening sentences of a major
scientific study of the energy problem,

When you compare the facts and the expo
nential calculations with the news
stories, with the statements of public
officials and with the statements in
advertisements from energy companies,
what can you conclude?

"The United States has an abundance
of energy resources; fossil fuels
(mostly coal and oil shale) adequate
for centuries, fissionable nuclear
fuels adequate for millenia and solar
energy that will last Indefini
tely."
(18)

The only thing that is more distressing
than the results of these exponential
calculations is the observation that
so few of our leaders, educators, policy
makers, and "experts" have performed
the calculations or show evidence of
understanding the results.

We can read the words of an educated au
thority who asserts that there is no
problem of shortages of resources,
16

8.

AN EXPONENTIAL SOLUTION

The occasion of our
versary would be an
make the transition
escence to national

The exponential function provides an
interesting "solution" to the energy
and resource problems. If we make the
rate of production of a resource follow
the curve
-(a./R.)t

/U-t) - rue.

6)

the total production from now to infin
ity is exactly equal to the size R of
the resource, (2) (22). WE CAN USE THE
RESOURCE AND HAVE IT LAST FOREVER! This
is the ultimate self-sufficiency. For
the large estimate of U.S. coal, the
production rate would have to decrease
approximately 3 percent per century in
order to assure that U.S. coal would
last forever. The difficulty our nation
would face with this declining rate of
production can be expressed in the question,
"Could we live one year from now with
coal production at the rate it was a
day and a half ago?" This program can
be applied to any resource. If r0 /R
for world petroleum is (1/101) then the
decline in petroleum consumption would
have to be ~ 1 % per year to make petroleum
last forever.

3) We must conserve in the use and con
sumption of everything. We must outlaw
planned obsolescence.
(We must recognize
that, as important as it is to conserve,
the arithmetic shows clearly that impro
bably large savings from conservation will
be wiped out in short times by even modest
rates of growth. Conservation alone can
not do the job).
4) We must recycle almost everything.
Except for the continuous input of sun
light the human race must finish the trip
with the supplies that were aboard when
the "spaceship earth" was launched.

The greatest act of responsibility which
we could perform for our descendants for
all time would be to put our consumption
of coal and other resources on this de
clining curve. Not only Is it proper to
save some resources for those who will
follow us, but it may make the difference
in national self-sufficiency and ulti
mately of national survival.
9.

nation’s 200th anni
appropriate time to
from national adol
maturity.

WHAT DO WE DO NOW?

1) We must educate all of our people to
an understanding of the arithmetic and
consequences of growth, especially in terms
of the earth's finite resources. David
Brower has observed that

5)
to

We must invest great sums in research
A)

Develop the use of solar, geo
thermal, wind and tidal energy.
B) Reduce the problems of nuclear
fission power plants.
C) Explore the possibility that we
may be able to harness nuclear
fusion and other sources of energy.
These investments must not be made with
the idea that if they are successful they
could sustain growth for a few more doub
ling times. They must be made with the
goal that they could take over the energy
load in a mature and stable society in
which fossil fuels are used on a declining
exponential curve that will let them last
forever, and in which fossil fuels are
no longer used to heat buildings but are
saved for the much higher use as chemi
cal raw materials.
6) We must recognize that it is pseudo
science and false technology to promote
ever-increasing rates of consumption of
resources in the hope that science and
technology will rescue us from the con
sequences of our self-centered folly.
It is not acceptable to base our national
future on the motto,

The promotion of growth
is simply a sophisticated way
to steal from our children.2

"When in doubt, gamble."
2) We must educate people to the critical
urgency of abandoning our religious belief
in the disastrous dogma that "Growth is
good", that "Bigger is better", that "We
must grow or we will stagnate" etc., etc.
We must realize that growth Is but an
adolescent phase of life which stops when
physical maturity is reached.
If growth
continues in the period of maturity it is
called obesity or cancer. Prescribing
growth as the cure for the energy crisis
has all the logic of prescribing increasing
quantities of food as a remedy for obesity
or prescribing more cancer as the cure
for cancer.
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7) We can not sit back and deplore the
lack of "leadership" and the lack of res
ponse of our political system. In the
immortal words of Pogo
"We have met the enemy,
and they's us."
We are the leaders, and we are vital parts
of the political system. Everyone of us
has access to dozens of other leaders who
have not yet understood the problem. We
must take the message to all the people
in the spirit of education and service to
which we are completely committed.

The arithmetic makes clear what will hap
pen if we hope that we can continue to
increase our rate of consumption of fossil
fuels. Some experts suggest that the
system will take care of itself and that
growth will stop naturally, even though
they know that cancer, if left to run its
course, always stops when the host is
consumed. My seven suggestions are of
fered in the spirit of preventive medi
cine.
the s m a ll s o c ie ty [2 3 }
by Brickman
P iQ 'fbO
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Perhaps you can now appreciate why I say,
The greatest shortcoming
of the human race
is man's inability
to understand
the exponential function.
11.

In spite of the many times that they have
been checked, it is always possible that
I may have made an error in these cal
culations. Please review these calcula
tions carefully and if you find errors
please contact me at once so that I can
make the necessary corrections - and
apologies.
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10.

CONCLUSION
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This paper is based on a series of
articles, "Your Physics Class, the
Exponential Function, and the Future
of the Human Race" which has been
submitted by A. A. Bartlett for pub
lication in, "The Physics Teacher."
This journal is published by the
American Association of Physics Tea
chers, Graduate Physics Building,
SUNY at Stony Brook, New York 11794.
The articles will start appearing in
the Oct. 1976 issue.

2)

A. A. Bartlett, Bulletin of the Amer
ican Physical Society, Vol. II, 21,
pg. 42, 1976.

3)

A. A. Bartlett, Civil Engineering,
Dec. 1969, pg. 71 .

4)

"U.S. Energy Resources, A Review as
of 1972, a background paper prepared
at the request of the Hon. Henry M.
Jackson, Chairman of the Committee on
Interior and Insular Affairs of the
United States Senate, pursuant to
Senate Resolution 45. A National
Fuels and Energy Policy Study, Ser
ial 93-40 (92-75) Part 1" by M. King
Hubbert. U. S. Government Printing
Office, Washington, D.C. 20402.
$2.35, 267 pages. This document is
an invaluable source of data on con
sumption rates and trends In consump
tion, for both the U.S.A. and the
world.
In it Hubbert also sets forth
the simple calculus of his methods
of analysis. He does not confine

b y B r ic k m a n

Perhaps the most succinct conclusion that
is indicated by the analysis above is,
and again I use the immortal words of Pogo,
"The future ain't what it used to be!"
The American system of free-enterprise
has flourished for 200 years for the bene
fit of all mankind. Until recently it
has flourished in a world of infinite re
sources. The challenge of the decades
ahead is set forth clearly in the ques
tion,
"Can free-enterprise survive in a
finite world?"
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WORLD OIL SUPPLIES AND THE NEXT 25 YEARS
J. A. Eyer
University of Missouri-Rolla
Rolla, Missouri

Abstract
Petroleum must become a more efficiently used commodity while alter
native energy sources are developed, but it will remain in high
demand as long as the world wide availability is assured, regardless
of the influence of the O.P.E.C. nations. The availability of petro
leum on a country-by-country survey shows clearly that there are
large known recoverable reserves as well as large potential for
discovering added reserves. However, the highly industrialized
nations do not have adequate petroleum supplies and this will prob
ably not change as long as petroleum remains as the primary energy
source.

With the energy crisis in the U.S. and

Figure 1 shows the World total energy

some other portions of the world the man

demand of all energy sources to 1975 and

on the street has the impression that

projected to 1990.

there is very little oil left to be pro

that the demand rate is projected to con

duced or to be found.

tinue to rise sharply from 1975-1990.

While it is true

It is significant

that some parts of the world have been

This is based on historical usage and on

intensely explored or are in the third

the further industrialization of some

cycle of exploration it is also true that

countries in the world into a more indus

oil is being found at a faster rate than

trialized and affluent economy.

ever before and known reserves of oil and
Of significance also is the oil and gas

gas are at an all time high and still
climbing.

demand rate on the lower curve of Figure

Unfortunately, the modifying

1. that as we are able to develop alter

factors such as politics and indus

native sources of energy the demand for

trialization intensity serve as over

oil and gas will decrease, but the total

riding criteria in the energy situation

demand on a BTU basis will continue to

and are especially significant in the U.S.

increase as shown.

and certain other portions of the world.

The curves do diverg

between 1975 and 1990.
Probably the best place to first consider
If one examines only the petroleum usage

is with the energy demand situation.

and demand situation on a percentage
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basis, it appears more dramatic (Figure 2)..
It is significant that the top of the

The total world production figures on a
barrel per day basis shows a 5% increase

curve is about 1972 or about the time of

in the first half of 1976 .

the OPEC embargo.

totals and U.S. totals are significant.

Several things happened

The free world

at that time which triggered a change in
philosophy on energy usage. The shortage

The first half of 1976 shows a loss by the

or crisis which had been predicted by

The specific totals for 1st half of 1976

many people for several years (but was

are shown in Figure 5.

unheeded) became a reality.

the lowering of Canadian production rates.

In the U.S.

U.S. of several hundred thousand bbl/day.
Of significance is

we increased coal production and work to

In part they are suffering from the same

ward alternative sources was increased,

problem as the U.S., i.e., an unfavorable

but not at a significant level.

political climate.

It is

But imports from

predicted that on a world wide basis that

Canada to the U.S. in the future will be

our reliance on oil and gas will signif

drastically reduced because they must take

icantly decline over the next 25 years and

care of their own needs and eventually

probably longer in response to availabil

become more of an importing country than

ity and alternative sources.

they are at present.

At present Canada

exports only to the U.S.

One might conclude that the OPEC nations

The U.S. receives

about 223,350,000 bbl/year from Canada or

did the world a favor by bringing this to

about a 13 day supply/year.

a boiling point and history may record
that they were the most forward looking

One of the big questions in the future is

group of countries in the world but that

that of reserves.

was certainly not the motive behind the

ful at looking at reserve figures published

embargo.

from throughout the world. There are polit
ical implications tied to these figures

Usage rates per person are also in
teresting.

so the explorationist must somehow fit

One can effectively compare

these figures to the overall geologic pic

only the more industrialized nations

ture of an area in order to see if it is a

because others tend to fall into an "Other"
or "Rest of the World" category.

One has to be very care

realistic figure.

Figure 2

shows that the U.S. leads (as expected) by

"Reserves" in the case as presented are

about a factor of 3 over the second

simply oil and gas in the ground that can

largest user, Western Europe.

be recovered.

Western

It can be thought of as

"known-recoverable-reserves" but not an

Europe also must import most of their oil
and gas to support their expanding in

"ultimate recoverable-reserve" figure

dustry .

which would be somewhat higher.

A set of figures which is extremely signif

Figure 6 shows these comparisons worldwide.

icant are the production figures world

It's significant that most are in the free

wide for 1940 to 1975, (Figure 4).

world, but not much of it is in the U.S. -

In

summary it shows that the western hem

only about 6% of the free world total is

isphere is the only area in the world

U.S. and only about 5% of the world total.

where production is decreasing.

Africa is
OPEC reserves make up 68% of the world's

indicated as such through 1974 but this

total and about 81% of the free world's

has since changed.

total.
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Figure 6 is interesting in that it shows

It makes a valid point in that the highly

the times when other countries surpassed

industrialized nations of the world at pre
sent are highly dependent on the non-

U.S. reserves-starting at 1950 . The great
changes in Communist area in 1965 was a

industrialized nations for energy resources

time when the Siberian basins began to be

and also the reverse is true.

explored and reserves, particularly gas,

industrialized nations are to grow they

were found.

The slight up dip between

1970 and 1975 in North America

If the non-

are also dependent on the technology and

includes

products of the industrialized countries.

the North Slope discovery and development
drilling.

In terms of power politics this is perhaps
good.

In terms of world peace this can be

Mid-East reserves are four times greater

good or bad.

than Communist countries who are in 2nd

common factor throughout the world.

place and nearly six times greater than

next 25 years could easily answer the

Africa who is in 3rd place (Mid-East

questions for us as to how great a lever

reserves are about ten times greater than
North America reserves).

energy sources will be in the world econ
omy and in world peace.

Other data show that refining capacity
world wide is presently great enough to
refine crudes w/o essentially adding addi
tional facilities.

However, it is not

practical to think that new reserves found
in Siberia or China would be refined in an
area out of the respective country.

There

fore, the refinery capacity data will most
probably continue to increase.
Figure 7 shows the history of oil imports
to the U.S. including projections to about
1980.

At that time our imports will reach
0
about 10 x 10 bbl/day or more than half
of our usage unless, alternative sources
can take over at a much greater rate.

In

the time span of less than 5 years it is
not realistic to think that it can.
If we consider the 1975 demand levels and
only consider world reserve figures and if
we found no more oil in the world, the
world would run out of oil in 35 years.
Figure 8 shows how long each country could
be self sufficient with their present
reserve w/o importing.

This is probably

not realistic because countries do import.
Does this make any sense or clarify any
stance; politically or otherwise?
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The Energy situation is a
The
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WORLD OIL PRODUCTION - 1976

Canada

1,280,000

Down

7.2%

U.S.A.

8 ,141,000

"

3.7%

Lat. Am.

4,178,000

"

5.7%

Africa

5,549,000

Up

23.9%
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4.7%
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WORLD RESERVE DEPLETION SCHEDULE
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DEVONIAN

-

OHIO

SHALE

PRODUCTIVE

POTENTIAL

W. M. HENNINGTON
MITCHELL ENERGY CORPORATION
HOUSTON, TEXAS

ABSTRACT
The Devonian - Ohio Shale has tremendous producible hydrocarbon
reserves that can currently be located and produced by slightly
modified exploration, development and bore hole stimulation
techniques. Drill site selection utilizing depositional structural
relationships to locate the natural compaction fracture reservoir
could improve productivity. The Devonian - Ohio Shale is
significantly different from the Western Oil Shale since it has
primary oil and gas production. This hydrocarbon source could
substantially contribute to short term energy needs and the Self
Help Energy Program.

1. INTRODUCTION
The term "Devonian" or "Ohio Shale" as used
here, Figure 1, is an informal and inexact
stratigraphic unit which is used for con
venience to describe the predominantly
shale section between the base of the
Mississippian Age Berea Sandstone and the
top of the Devonian Age Onondaga (Delaware)
Limestone. This is essentially the same
stratigraphic unit that has produced large
quantities of oil and gas from sand string
ers which interfinger with the Shale facies
in Western Pennsylvania and New York.

The tremendous hydrocarbon reserves that
are so desperately needed by both industry
and the heavily populated residential areas
of the Northeastern U. S. may be found in
the Devonian - Ohio Shale section. The
Federal Energy Agency in 1975 indicated a
need for 5.5 Billion barrels of oil per
year.
Known reserves were estimated at 45
Billion barrels which indicated about an 8
year supply. Published reserve estimates
for Devonian - Ohio Shale range from 60
Billion to 3 Trillion barrels of oil which
could amount to an additional 11 to 545
years supply. This hydrocarbon source
could supply much of the short term need
while other energy sources are being per
fected .
The primary purpose of this report is to
demonstrate the significant difference
between the highly publicized Western Oil
Shale and productive Devonian - Ohio Shale
in the eastern Uni ted States. The DevonianOhio Shale's tremendous energy reserves
are presented along with production facts,
shale geometry and new techniques for
selectively improving development of these
reserves for a short term Self Help Energy
Program.

■■ON D M ” *

REGIONAL
OHIO SHALE
SECTION
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The Devonian - Ohio Shale and its approx
imate equivalents (Figure 2) are known by
many different names such as the
Chattanooga Shale of Kentucky and
Tennessee, the Antrim Shale of Michigan
and the New Albany Shale of Illinois and
Indiana (6). A strati graphically equiv
alent section with possibly some potential
exists over a portion of northern Missouri
and Southern Iowa.

PERIOD YEAR
1st
2nd
3rd
4th

INTEREST

DAILY
PRODUCTION

1840 Domestic
1 to 50 MCF
1930 Commercial 150 MCF + 2 BO
TO
250 MCF + 50 B0
1967 Commercial 250 MCF + 100 B0
1974 Research &
Industrial

These potential reserves are more difficult
to recognize and evaluate since the hydro
carbons are not held in the usual type trap
and are not recognized on the electric logs
by the usual type of ev a1uation . Only slight
modifications of standard exploration,
evaluation and completion techniques are
needed to substantially expand the Ohio
Shale's productive potential.
3. RESERVE ESTIMATES
Recent published estimates of Devonian Ohio Shale oil reserves range from 1.5 to
3 Trillion barrels of oil (1,18,20,25,4,
2,17,26,13). These reserves are equiva
lent to or greater than the Western Shales,
75 to 300 times the estimated Atlantic
Shelf reserves and 150 to 300 times the
Alaskan North Slope reserves.

The general geometry of the Devonian Ohio Shale shows thicknesses ranging from
zero to over 7000 feet in the Appalachian
Basin. It could range from zero to sev
eral hundred feet thick in the Missouri
and Iowa area.

Estimates for Devonian - Ohio Shale gas
reserves range from 149 to 285 Trillion
cubic feet of gas (14,5,3,21). These
reserves are 1.4 to 2.3 times those esti
mated for the Atlantic Shelf and 5.7 to 11
times the Alaskan North Slope reserves.
Speculative reserve estimates have ranged
up to 2.4 Quintrill ion cubic feet of gas.
Reserve estimates are quite variable and
controversial in all areas, therefore, the
old production records, although limited,
should receive serious evaluation.

2. SIGNIFICANT DIFFERENCE IN SHALES
The Western Oil Shales must use special
mining, processing and refining procedures
along with tremendous waste disposal problems.
The Devonian - Ohio Shale is significantly
different since there is primary produc
tion of oil and gas available through
essentially standard well completion
techniques, utilizes available processing
and refining facilities, and has no waste
disposal problems. There has been produc
tion from the "Ohio Shale" in the
Appalachian area since 1849 (11,24) with
some wells having production histories of
over 40 years.
It has been estimated that
over 8000 shale wells have been drilled
in the Appalachian Basin. There are
limited records and data for evaluation,
however, it is generally agreed that
although average deliverabi1ity and
reservoir pressure are relatively low, the
wells exhibit relatively flat production
decline curves, productive lives of up to
50 years, and exceptionally high BTU
values. The overall success of finding
a producible well is high -approximately
9 0%.

In a typical Shale well the reservoir con
sists primarily of compaction fractures
with possibly some slight contribution
from siltstone stringers. Wells are
drilled with variable spacing, generally
ranging from 40 to 160 acres. At the pre
sent time, 160 acres seems to be the most
desirable. Depths currently range from 300
to 5000 feet although some of the early
tests were only 50 feet deep. One Shale
well was completed in 1971 for an open
flow of 1,070,000 cubic feet of gas per day
from a Shale interval 39 to 471 feet deep
(16). Shale wells which produce oil have
had production ranging from 8 to 200 barrels
per day (19) with gravities ranging from
38 to 65. No water is reportedly produced
from the Shale itself.

There have been four periods of Devonian Ohio Shale interest and development:

Gas wells from the Shale generally range
from 100,000 to 5,000,000 cubic feet of

4. DEVONIAN - OHIO SHALE PRODUCTION
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gas per day, however, wells from 1,000 to
15,000,000 cubic feet of gas per day (15)
have been reported. The gas has very high
heating value with a BTU range of 1100 to
1300. Reservoir pressures are low and
range from 250 to 540 PSI (7). Local
pipeline pressures in much of the area are
also low and range from near zero upward.

ranging from 700 to 3300 feet averaged
207,353,000 cubic feet of gas per well (19).
PRODUCTION DECLINE CURVE
AVERAGE FOR 14 WELLS

Average Ohio Shale reserve estimates per
well range from 1 50,000,000 to 350,000,000
cubic feet of gas figured on the basis of
160 acre spacing. The wells have produc
tive lives of 10 to 50 years. Secondary
recovery is possible but of unknown value
at this time.
When the Ohio Shale reserve estimates of
150 to 350 Million CFG per well are com
pared to the 1974 U. S. average of 1.1
Billion CFG per well (10), they appear
relatively small. When compared with the
Ohio average, which is primarily Clinton
Sand production of 212 Million CFG per
well the Shale reserves seem to compare
more favorably.

M O D IFIE D FROM A. JA N SS E N S ft DE WITT
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FIG. 3
The average 10 year production from 272
Ohio Shale wells was 182,000,000 cubic feet
of gas. Sixteen wells had production of
over 500 Million cubic feet of gas and two
had production of over 1 Billion cubic feet
of gas in 10 years.

When the open hole natural gauges for the
three shallow Shale zones which average
386,000 CFGPD are compared to the treated
completed deeper Clinton Sand gauges which
average 1,016,000 in the same wells, it
becomes apparent that the Shale has con
siderable potential. Stimulation treat
ment usually increases gas volume from the
Shale by 4 to 10 times the original gauge
(Est. Range from 1,544,000 to 3,860,000
CFG) which indicates that treated shale
should be as good or better than the
Clinton in this N. E. Ohio County.

Information on 3414 Shale wells in Kentucky
gives some idea of response to the old ex
plosive shot treatments (9). It will be
noted that 207 wells (6%) were completed
open hole without any treatment and that
their open flow was 1,050,000 cubic feet of
gas which was considerably greater than the
290.000 CFGPD from treated wells. This
type of production and the geological envi
ronment conducive to this type of recovery
should be the principle target of anyShale
development program. The shot treatment in
3207 (94%) of the wells yielded an average
increase of 4.8 times the original open
hole gauge.

A ten year production decline curve for an
Ohio Shale well shows very little overall
decline. The curve is almost horizontal
with seasonable peaks and valley that are
the result of variations in line pressure
and the need for gas.

4.1 AMERADA #1 ULLMAN
One of the few Ohio Shale oil and gas wells
with good production records is the Amerada
#1 Ullman, in S. E. Ohio.
In the first
three years it produced over 34,693 barrels
of oil plus 50,000,000 cubic feet of gas
(Figure 4). The decline curve may indicate
two decline periods.

An average production decline curve for 14
Shale wells (Figure 3) for a 40 year period
shows very little decline (11). Some wells
that produced 100,000 cubic feet of gas 60
years ago still produce at only slightly
less than that today (1968) (8).

The Ullman discovery (Figure 5) stimulated
a new drilling cycle for Shale which re
sulted in about 90 new wells being drilled.
It also stimulated interest in new sample
logging, electric logging and stimulation
techniques. The Ullman was drilled with
air through the Shale zone. At 2300' gas
was detected and on 2 hour test gauged
489.000 CFG per day. The hole was drilled
deeper and oil was encountered at about
2700'. The base of productive zones in
nearby wells were plotted relative to the

The average Ohio Shale production from 115
singularly metered wells was calculated
on 160 acre spacing. Average depth was
3000', the best well had produced
660,000,000 cubic feet of gas and the
average well had produced 289,882,000
cubic feet of gas. In most cases, singu
larly metered wells are near the edges of
the producing areas.
Metered Ohio Shale gas production from 6
Ohio Counties and 229 wells with depths
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2100' Ullman Shale interval to show that
there has been production from about the
top of the Shale to the base with most
wells being completed from the interval
near the middle.

the pump.
An interesting phenomenon was observed
(Figure 6) after the pump had been down
for repairs for several days, the volume
of oil would almost be made up before the
well leveled out to normal production.
This phenomenon was still evident three
years after production was discovered.
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Oil from the Ohio Shale is quite variable
over a small area ranging from dark browns
in the 38 gravity range to almost clear in
the 65 gravity range.
AMERADA

I
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5. DEVONIAN - OHIO SHALE GEOMETRY
The Devonian - Ohio Shale generally is
present over the eastern 2/3 of Ohio with
a small area in northwest Ohio (Figure 7)
Production does not seem to be limited to
any one specific area. The oil producing
area is, however, limited at the present
time to S. E. Ohio.

ULLMAN

OHIO SHALE
PRODUCTION

FIG. 5
The Ullman was one of the largest and most
successful completions which resulted from
two large limited entry frac treatments
with 2759 barrels of frac fluid, injection
rates of 107 barrels per minute and 97,000
pounds of sand.

The Shale thickness (Figure 8) varies from
zero to about 3800 feet in Ohio. The oil
production is in an area that has 2100 feet
or more of section.
Structure (Figure 9) is regional and dips
generally into the Appalachian Basin. The
Burning Springs Anticline is one of the
most significant features.

It took about 15 days for the Ullman to
clean up after the two zones were put on
34

The technique of constructing depositional
structural interpretations (Figure 11)
from present day structure helps determine
favorable desired conditions.

FIG. 8

OHIO SHALE
THICKNESS

Depositional structure influences sediment
distribution (Figure 12) with the coarse
sediment being sorted on the depositional
highs by currents and wave action. The
finer sediments are deposited in the lows
and adjacent to the highs.

FIG. 9

OHIO SHALE
STRUCTURE

6. EXPLORATION - NATURAL FRACTURE RESERVOIR
Local structure is predominated by minor
structural noses (Figure 10) that do not
yield any significant clues for location
of the desired compaction fracture res
ervoir.

The depositional high is the preferred
growth area (Figure 13) since it is shal
lower, warmer, lighter and more oxygenated
than the lower areas. The preservation
areas for potential residual hydrocarbons
is on the flanks of the highs where the
organisms might be transported and buried
after death.
These conditions postulated for ancient
sediments are currently apparent in recent
sedimentation off fhe Florida Coast. A
profile of bottom samples were caught and
analyzed from a point near Key Largo to
Molasses Reef. The profile shows the rela
tionship of coarse sediment on the sea
floor highs and the fine muds in the lows.
Depositional relationships for the usual
Appalachian Basin targets can be shown by
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two wells that are 900 feet apart. The
elastics clean up, thin or are absent over
depositional highs. Evaporites thin or
are absent over the depositional highs
while the carbonates thicken due to
organic growth or accumulation.

up for compaction fractures. The coarse
sediments slightly compact while the flank
finer sediments haveconsiderable compaction
resulting in differential compaction frac
tures which are the natural fracture res
ervoirs that we seek.
DEPOSITIONAL RELATIONS

COMPACTION RELATIONS

These depositional relationships are also
apparent in the Devonian - Ohio Shale
interval (Figure 14). The Shale thins
over the depositional highs and thickens
into the lows. The increase in residual
hydrocarbons is indicated by the asso
ciated increased radioactivity (23) on
the gamma ray logs.

It seems logical to assume that the desired
natural fractures will be associated around
the depositional highs, and are, therefore,
predictable in the subsurface (Figure 16).

DEPOSITIONAL RELATIONS
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Prospects are located on the flanks of
depositional structural highs where maximum
natural compaction fracturing can be antic
ipated. New techniques have been developed
to more accurately determine the location
of these depositional structures and subse
quently, the more favorable areas for nat
ural fracture reservoir development.

*

Depositional structure controls sediment
sorting and distribution to some extent
(Figure 15), with slightly compactible
coarse sediments on the highs and rela
tively finer more compactible sediments
on the flanks, ideal conditions are set

Proof of the existence of fractures in the
Devonian - Ohio Shale has been established
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by cores of the Shale. One core exhibited
a 3 foot nearly vertical fracture. The
surface of that fracture was coated with
oil when the core was pulled. Other cores
show slickensides and mini fault features.
Current research efforts are primarily
being expended in developing new stimula
tion treatments, surface evaluation tech
niques and bore hole evaluation systems.
Some progress has been made in these
studies, however, the translation of the
results into usable energy is several
years in the future.
New techniques in exploration and develop
ment utilizing currently available infor
mation and equipment could add substantial
reserves in a minimum amount of time.
Environmental disruption and waste dis
posal problems would be minimal.
Shale tests do not need special drilling
equipment and the type to be used should
be determined by area, depth to be drilled
and availability of rigs. Air rotaryrigs
are fast but expensive and require fairly
large locations. Small cable tool units
both old and new models can drill and
complete Shale wells, requiring smaller
locations, less expenditure but a greater
amount of time.

$75,000 and a completed well cost of about
$105,000.
Assuming an average well of 100,000 cubic
feet of gas per day, 80% success and an
average depth of 3000 feet, the cost
required to acquire the needed volume of
gas can be computed. Ten wells would
supply an estimated 1,000,000 CFGPD and
would cost about $1,000,000. Fifty wells
would supply an estimated 5,000,000 CFGPD
and would cost about $5,000,000. These
costs are to the well head and do not
include collection and transportation.
To quickly and successfully develop Shale
reserves, old well records should be
reviewed for Shale data. Maximum data
should be collected on current tests
penetrating the Shales. This would include
collecting and evaluating the Shale samples
for residual hydrocarbons, gauging of natu
ral shows, and running interpretative elec
tric logs through the Shale when possible.
Studies utilizing available Shale data and
new techniques for locating the most favor
able areas for compaction fracture reser
voirs could be made in a short period of
time.
Tremendous hydrocarbon reserves which could
substantially contribute to the solution of
the current Energy Crisis, probably can be
developed in a short period of time with
minimum environmental disturbance. A cur
rent exploration-development effort for
primary Shale production from compaction
fracture reservoirs could aid and supple
ment the current stimulation research pro
grams as well as aid in speeding more wide
spread utilization of any successful new
technique. Successful exploration and
development of the Devonian - Ohio Shale
would lead to development of additional
hydrocarbon reserves in other Shale
sections over much of the U. S. The shal
low depths and relatively small capital
expenditures required for the development
of Shale production should encourage self
help energy programs for industry, agri
culture and large property owners.

After selection of a favorable area and
location of compaction fractures in the
bore hole, careful consideration must be
given to cementing ajid the critical selec
tion of the stimulation treatment. Many
different types of treatments have been
used, however, limited entry frac treat
ments probably are the best type of treat
ment available today and they can be
designed for small or large intervals.
The #1 Ullman treatmentwould be considered
a large treatment. There were sixteen 3
inch lines pumping into the well when it
was fractured. Smaller frac treatments
can be used successfully if the naturally
fractured intervals can be located for
treatment.
7. CONCLUSIONS
The significance of the Ohio Shale to the
current energy crisis might be presented
in understandable statistics. A Shale
well such as the #1 Ullman which produces
about 41,000 cubic feet of gas per day,
would supply approximately 88 average Ohio
residences with natural gas for 10 to 50
years.
If used commercially, the gas
•would fuel about 17 average commercial gas
users (12). The 12 barrels of oil per day
would furnish gasoline for about 182
average automobiles for 10 to 50 years.

Si rice the Devonian - Ohio Shale and its
equivalents in adjacent areas (22) contains
significant energy reserves, the Shale
potential in Missouri and Iowa needs to be
considered and evaluated.
Before the lights go out and the rigs shut
down for lack of fuel, maybe we should do
as some cable tool drillers do and utilize
the available Shale gas until something
better and cheaper comes along.
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SEISMIC REFLECTION PROFILING - IN MINING AND CIVIL ENGINEERING

John B. Farr
Western Geophysical Company
of America
Houston, Texas
Abstract
A new high resolution seismic reflection technique with an accuracy of a few feet
has been developed for shallow mining and civil engineering applications. Very
small dynamite charges generate high frequency seismic waves with insignificant
surface effects. Special detectors in shallow boreholes are used in conjunction
with a high sample rate digital recorder to produce seismic cross sections having
frequencies as high as 800 Hz and resolutions 10 times better than heretofore
obtained using conventional oil exploration techniques.
1.

INTRODUCTION

petroleum. Predominant and reflection frequencies
have been restricted to the 8 to 40 Hz range in

1.1 THE HIGH RESOLUTION PROBLEM

most areas and in no case were frequencies above
100 Hz utilized since frequencies that high were

In 1974 conventional seismic techniques were ap

believed not to penetrate to the depths of interest.

plied to the problem of locating very small faults
in the vicinity of nuclear power plants. The reso

One might ask, in view of the many other geophysi

lution was too poor to accurately define the small

cal methods, why has the reflection seismograph

active faults which could be a problem in reactor
location. The basic problem was the inability to

attained such preeminence in petroleum exploration?
The reason is that it can provide the most unambig

generate and receive frequencies beyond 100 Hz.

uous information short of drilling a well. In the

Starting in 1975 a new high resolution technique
was developed which essentially eliminated the
100 Hz limit previously imposed by the field

early days this information was purely structural.
dome-like features with four directions of closure

equipment and computer processing.

could be located. As time progressed, faults and

Only simple structures like anticlines and salt

more subtle structural features could be located.
1.2 BRIGHT SPOTS AND RESERVOIR STUDIES SPARK

Recently, many major oil companies have extended

NEW INTEREST IN HIGHER FREQUENCIES

the use of seismic reflection to detailed studies
of individual reservoirs and sands within those

The reflection seismograph for many years has been

reservoirs. This work was sparked by the great

the prime geophysical tool of the major oil compa

"bright spot" flurry a few years ago. The "bright

nies.

spot", for those of you unfamiliar with the petrol

It's been, among other things, a very de -

tailed technique aimed specifically toward location
of deep structures which may form traps for

eum industry jargon, is an anomously high amplitude
region along a subsurface reflection which is
40

:Principle objective was to obtain stronger signals

attributed to the presence of petroleum (particu

rather than improved resolution.

larly gas) rather than salt water in porous rocks.
It was optimistically hailed as a "direct" indi

2.2 ARRAY AND MULTIFOLD ERAS-DEEPER AND EVER DEEPER

cator of hydrocarbons. As it turned out, there
were a number of other causes for amplitude changes
these, interestingly, is the existence of coal in

Following the early shallow target era, seismic
prospecting entered the array era, where the signal

the subsurface. The "direct" oil finder left many

to noise improvement essential for greater depth

disappointed, but in its own way it has sparked an

penetration was achieved by use of larger and

intense interest in higher frequencies to permit

larger multiple shot and multiple receiver arrays.

more detailed studies of thin reservoir sands. The

This in turn has been followed by today's multifold

in addition to the presence of petroleum. One of

higher the frequencies recorded and processed, the

era where redundancy or common depth point stacking

better the overall geological resolution and the

has been added to the multiple receiver arrays to

thinner the beds which can be analyzed for the

further improve signal to noise ratio.

presence of petroleum.

shooting permits deeper and deeper petroleum inves

Multifold

tigations in heretofore unshootable noisy areas.
These deeper objectives are accomplished by summing,

2.0 HISTORY OF H EH RESOLUTION DEVELOPMENT

summing, and more summing of redundant signals,
2.1

EARLY THIRTIES-SHORT SPREADS AND SHALLOW

which emphasizes the lower frequency in-phase

OBJECTIVES

seismic components while attenuating the higher
frequency or fine detail components of interest to
the mining engineer. Since the oil industry is look

High frequencies have been with us from the first
early seismic field experiments in the twenties

ing deeper and deeper,this decreased bandwidth is

and thirties. Many of the detectors used in the
thirties were quite good at high frequencies.Since

not considered too big a price to pay and besides,

the objectives or targets of the exploration pro
grams were shallow,short spreads and few geophones

of the higher seismic frequencies. The new digital

were employed. The geophones were very carefully

ing process also makes possible inverse filtering

planted and covered in shallow holes.Reproducible

or deconvolution processes which many felt could

recording systems were unknown but many of the
field cameras had good high frequency response,due

restore whatever frequencies were lost in the

to type galvonometers then in use.Field filtering

sharpen up some of the low frequency wavelets by

was used to improve signal to noise ratios since

restoring a portion of the missing high frequencies.

at great depth the earth absorbs or scatters many
computer which is an essential part of the stack

recording process. Deconvolution could and did

reproducible recordings and playback centers were
2.3 MODERN HIGH FREQUENCY EMPHASIS - SEISMIC

unknown. Great care was taken to optimize the fil

PETROLOGY AND FORMATION ANALYSIS

ters on site since there were few second chances.
Since oil companies were the prime users of the

Even with the most sophisticated computer process

reflection seismograph, development naturally

es, high signal frequencies that have never been

evolved around their needs, which were not neces

recorded in the field cannot be restored in the

sarily the same as those of the mining and civil

office.

engineering communities. The mining engineer is

employed, only high frequency noise is enhanced by

interested in great detail or high resolution at

deconvolving wavelets. The sharper wavelets are

shallow depth,while the petroleum geophysicist is

only a noisy illusion and many interpreters will

looking ever deeper.At depth the reflection signals
become very weak and the signal to noise ratio poor.

insist on bandpass filtering the resulting section
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When broad band field recordings are not

to improve the signal to computer enhanced noise

ratio.

What folly it is to increase the bandwidth

3. THE EVALUATION AREA

and then employ bandpass filtering to reduce it
again.

3.1 THE HOUSTON FAULT PROBLEM

From a simple system of one or two detectors for

The detail that can be obtained using recently

each of twelve channels and paper records inter-

developed high resolution recording and digital

pr'etable on site, the reflection seismograph has

data processing techniques are illustrated by

evolved into a highly complex field system coupled

several specific examples, selected because they

with a large digital computer to composite and.

involve near surface faults which are of interest
to both civil and mining engineers.

refine the data. From tens to hundreds of seismo
meters are used on each channel of systems which
employ up to 100 channels on a routine basis,and

Near Houston, Texas are a number of active faults

10 times that many channels experimentally.Multi

which have shifted roads and highways several

fold shooting requires sophisticated computer pro

feet.

cessing before and after stacking which, in turn,

with depth are responsible for a number of cracked

is the reason for the digital recording of field

buildings and were of particular concern to the

data on elaborate systems. Computer data analysis

engineers in charge of siting large nuclear power
plants.

and correction has resulted in a great improvement

These normal faults which grow continuously

in record quality, and permits new uses to be
made of the information in the seismic signals.

The first figure is an infra-red airphoto of such
a fault.

Up to a few years ago, the objective has been to

The slight change of color between the

white arrows delineates the surface trace of the
fault.

explore to greater and greater depths, which in
turn meant lower and lower frequencies were need
ed. Only recently has the emphasis on deeper and

At the top of the photo is seen Buffalo Bayou, an

deeper low frequency data been redirected toward

old river which has been converted into the Houston

the higher frequency broadband methods which are

Ship Channel.

of most interest to the civil and mining engineers.

refineries which line the Ship Channel, a chemical

Also seen are two of the many oil

plant, a cement plant, a gravel quarry, a four-lane
This redirection on the part of the oil industry

freeway, two railroad tracks, an area of residential

is a result of an increased awareness of the

housing and the main artery of an intricate pipeline

seismic record as a tool for determining in situ

system which interconnects all the refineries and

rock properties and whether or not a particular

chemical plants. The fault trace at the surface

rock contains petroleum. If petroleum is indicated

cannot be seen with the naked eye or on convention
al alrphotos.

detailed studies can, in certain areas, reveal
how much is present under good conditions.

3.2 LOCAL NOISE ENVIRONMENT
Seismic information, particularly with respect to
reflection amplitudes, is being routinely utiliz

The second figure illustrates the surface and the

ed by many major oil companies to analyze rock

three large transmission lines which supply power

types, matrix materials, pore fluids and a host of

to the refineries and other industry in the area.

other items which previously could only be deter

Not immediately apparent are the 17 oil, gas and

mined by drilling. The results of this work have

products pipelines which transport everything from

not as yet been fully applied to mining and
engineering problems.

ethylene glycol to nitric acid between the various
plants. These lines are evidenced by the small
42

pipes and identification signs in the foreground

New techniques and equipment were developed and

of the photo.

in 1975 the line re-shot along the line indicated
on the index map.

This new data is seen on

Figure 9. To the right is the data plotted at the

The surging of these pipelines plus their pulsat
ing DC cathodic protection currents, along with

same scale as the earlier work.

the AC hum from the three high tension lines,

is almost a blur and only the colored horizons

make this area very noisy.

can be seen.

This high level back

The fine detail

ground noise is above what would be anticipated
at most working mine locations or around a busy

To the left is an enlarged scale section of the

construction site.

upper position which begins to show some of the

3.3 SURFACE FAULT POSITION - TRENCHING

on the old work frequencies were well below 100 Hz

fine detail achieved with the new methods. Where
the new data contains frequencies better than
The third figure is a closer view of the fault

400 Hz which can only be seen on the expanded scale

area where the high line right-of-way is located.
Note the two small stripes perpendicular to the

section.

a result of gaps necessitated by the seventeen

fault trace. These are 100 ft long trenches exca

pipelines.

vated to a depth of approximately 30 ft for the

many of the following figures. The severe pipeline

express purpose of confirming the surface position
of the active fault in the photo and establishing

noise generated by the compressor vibrations
caused a deterioration of the reflection continuity

a surface fault throw.

below one second on the right.

The notch at the top of the section is
It is a good index and will be seen on

The fault is seen

to the left and to the right is a former course of
The fourth figure is a view looking down one of

the present day river which was seen on the infra

the trenches. A geologist very carefully examined

red airphoto to the north of the site.

the walls of these trenches and prepared a trench
4.2 FILTERED DATA

log or simple cross section as shown on the next
figure. These logs indicated a "surface" fault
displacement of 6 inches at a depth of 7 feet.

More fine detail can be seen when the upper left

The shear plane where the fault intersects the

hand portion is still further enlarged on Figure
Timing lines on this section are only 2\ ms,

surface is seen in the Figure 6 photo of the side

10.

of the trench.

or approximately 6 ft apart.

Reflection periods

of approximately one timing line are seen, indi
4.

cating frequencies above 400 Hz. Even the low

THE NEW HIGH RESOLUTION SYSTEM

frequency "A" event at 500 ft, which so clearly
marks the fault, has a frequency of nearly 100 Hz.

4.1 SEISMIC LINE COMPARISON

The four vertical lines labeled A,B,C, and D are
the test holes mentioned earlier.

In 1974 a seismic survey was conducted across the
fault using the "conventional" oil exploration
equipment and techniques. The data is shown on

Figure 11 shows this same data after a 160 Hz-24db

Figure 7. While some fault indications are present,

per octave low cut filter has been applied.

they are hazy.

as higher frequencies are emphasized, the "A" band

To accurately position the fault

Note,

is difficult. The index map seen in Figure 8 shows

has now been resolved into two distinct beds while

the position of the old line,the fault trace, the

the remainder, particularly the shallow "B" reflec

trenches and, in particular, 4 boreholes labeled

tion, is unchanged, indicating that their predomi

A,B,C, and D which were drilled to 1000 ft to

nate frequencies are above 160 Hz.

locate the fault at depth and establish its throw.
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Next, on Figure 12, 240 Hz low cut filtering is

directly over the fault.

applied and the shallow "B" horizon at 200' is now

were used in conjunction with the measured reflect'

resolved into finer components, as are the remain

ion displacement times to produce the footage dis

ing remnants of the deeper "A" event. Note, how

placements along the fault seen in the white

The seismic velocities

ever, the distinct continuity of the shallow "C"

squares to the left.

event, and the ease with which the shallow 11 ft

from seven feet at a depth of about 100 feet to

The fault is seen to grow

fault throw can be seen.

47 feet just below 900 feet.

Carrying this procedure to still higher frequen

sections show the throw continues to increase with
depth.

Deeper seismic

cies, a 360 Hz low cut filter results in.the data
seen on Figure 13. Here only the finer beds can

On the right of Figure 14 in the white circles are

be seen. In this area of the Texas Gulf Coast,

the footage displacements as determined by the

these high frequency events correspond to fluvial

electric log correlations. The correspondence is

sands which are distributed sporadically in time

quite good with 11 vs 12 ft at the shallow "B"

and space. This sporadic distribution produces the

bed; 14 ft vs 14 ft at the "D" bed; 20 ft vs 20 ft

lack of continuity seen on this display. Reflection

at the "E" bed, and 23 ft vs 22 ft at the thick

continuity is, in many cases, the result of fine

"A" bed.

At the deeper "F" horizon the largest

ly layered composite sand-shale-sand-shale seq

discrepancy occurs with 29 ft throw on the seismic

uences combining to produce a single lower fre

and only 26 ft on the electric log section. Still

quency reflection event. Clearly, this high fre

deeper at the "G" horizon, the 34 ft vs 36 ft

quency data would not be used alone but in con

throws are In fair agreement. The 47 ft throw on

junction with other broad band displays. Note the

the "H" horizon is below the depth of reliable
well correlation.

shallow "C" sand has retained its continuity even
at these very high frequencies above 360 Hz.

Several interesting features are noted when com
4.3 BOREHOLE INFORMATION

paring the seismic and borehole log sections.

The four boreholes shown on the previous slides

quency reflections seen only on the filtered

Extremely thin sands give rise to the high fre
were drilled and logged to precisely locate and

sections,

define the throw of the fault. The surface trace

200 and 300 ft gives rise to the prominent seismic

For example, the small sand between

Is known from the infra-red airphotos, although

"C" event which was seen on highest frequency

on the ground it was not easily discerned except

section.

in the trench shown previously. The trench re

sence of any type of reflection corresponding to

vealed a 6 inch throw 7 feet beneath the surface;

the thick 400 ft sand.

however, the surface itself was not displaced.

electrical responses are not identical.

An unusual feature is the complete ab
Clearly the acoustical and

The well logs shown on Figure 14 clearly define

The shallow "B" bed displacement confirmed by the

the fault's throw to a depth of 900 feet. Corre

underlying high frequency event illustrates that

lation is excellent between the closely spaced

in this area, the new seismic system is capable of

boreholes and the electric logs permit calibration

resolving a small fault with no greater than a

of the very high resolution system against what,

twelve foot displacement.

by geologists, is considered the "correct" fault
throw.

5.

Although sonic logs were not taken, reflection

High resolution field operations are similar to

velocities were acquired from the seismic data

FIELD 0PERATI0NS-SPREADS,DETECTORS AND SHOTS

conventional seismic prospecting in that holes are
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drilled along a line, spreads laid out, detectors

Increasing the sample rates not only permits

planted, shots taken and recordings made. The only

higher frequency components to be recorded, but

differences are primarily of scale.

also enhances the digital processing.

As seen in

The simple

Figure 15, the holes are closely spaced,16J ft

increase in number of time samples improves the

apart in this instance. One advantage of the
shorter distances and spreads is that men can get

statistics which are fundamental to almost all
modern computer processes.

around quicker and adjustments to individual elec
6.

tronics boxes as shown in Figure 16 can be made
with little difficulty.

HIGH RESOLUTION DATA EXAMPLES

These boxes shown in

Figure 16 contain the electronics which permit

6.1

"COARSE'' HIGH RESOLUTION DATA

varying the detector response characteristics from
area to area.

By changing the switch positions,

The new high resolution system will be Illustrated

the detector response can be shifted to focus on

by a series of structural sections obtained in

the desired objective horizon and depth.

another area described above.

The detail is so

fine, even on the coarsest sampling that conven
The sensing portion of the detector is shown being

tional scale sections simply become a blur.

loaded into a borehole which will subsequently be

loss of detail is further compounded by the photo

used as a shot hole for detonation of a very small

graphy involved in making slides.

charge of dynamite. The new detectors are design

problem, a zoom technique will be used where each

ed to compensate for the attenuation of high fre

succeeding figure will be of the area outlined on

quencies within the earth.

the previous figure.

Their response is non

This

To offset this

linear with frequency and a special crystal ele
ment is utilized to produce the electrical output

This first example shown on Figure 20 is the upper

signal rather than more usual coil of wire moving

portion of the original data which was so fine it

in a magnetic field.

couldn't be seen at full scale.

This portion is

approximately 2000 ft deep and even at this scale
After investigating a wide variety of sources, the

much fine detail is lost and only a mass of

simple i or J pound dynamite stick as seen in

reflections is seen.

Figure 18 has been found richest in high frequency

events blur into composite bands, a shallow fault

energy and, at the same time, the most cost effec

can be seen in the middle of the section.

tive.

Even though the individual

Even in very shallow holes these small

charges cause little surface damage and can be

Zooming in on the enclosed area in Figure 21, the

felt only a short distance away.

section begins to take on the appearance of a con
ventional oil prospecting section.

Note, however,

Recording techniques have been modified to permit

the depth and distance scales!

digital samples as fine as £ ms, rather than the

3 or 6 seconds common on typical petroleum

conventional 2 ms.

sections, the vertical scale is only 1/3 second.

The field equipment as shown

Rather than the

in Figure 19 is small and lightweight compared to

Rather than a typical 330 ft group interval (or

conventional recorders used in normal exploration

8-3/4 miles) a 33 ft interval is used.

activities.

zontal distance is less than a mile (4620 ft).

The greatest difficulty encountered

The hori

.to date involves suppression of the noise produc

The scaling is approximately 1 to 10 both in

ed by the 60 cycle electrical high line harmonics

distance and depth.

at 120 and 180 Hz.

events have the same appearance as on a 10 times

Great care must be taken to

The fact that the reflection

reduce the energy of this interference, lest it

larger "conventional" section illustrates the one

completely mask the much weaker useful events.

order of magnitude increase in resolution obtained

45

with the new techniques.

to slightly above 400 Hz when short traces were

Coming in still closer, on Figure 22 the finer

along the line.

geological detail is seen more clearly and the

attenuated by the near surface conditions at point

fault can be seen extending to within 150 ft of
the surface.

611.

compared in another group only 300 feet further
The low frequencies were also

Point to point variations of this type can

greatly complicate the processing and impair the
results If not used with other multifold data

Finally on Figure 23, looking at the fault cut

points.

close up, a displacement of 15 ft is clearly seen,

of this one bad point is minimal on the section.

As seen on Figure 25, the overall effect

as are the reflection wavelet breadths of 3 to
4 ms,indicating frequencies in the 200-300 Hz

Returning to the zoom series, a small fault Is

range.

seen on Figure 27 close to the white section

Narrow wavelet breadths are essential if

details finer than 5 or 10 ft are to be resolved.

splice.

Obviously, if as shown here, the reflection itself

ward into a slump or flexure at a depth of 100 to
125 feet.

is 10 ft wide the finer details cannot be extract
ed. To see beyond this 10 ft limit, it is nec

Bed displacements are seen to grade up

essary to use a finer digital sample rate (i.e.,J

On this display can be seen the criss-crossing

rather than J ms sampling).

reflections which are associated with the fine

6.2

shale interfaces within individual beds are acous

sedimentary depositional pattern.
"FINE" HIGH RESOLUTION DATA

Progradlng sand-

tic interfaces and respond to high frequency
A second example from an area where the finer £ ms

seismic waves just like the much thicker units

time was used is shown on Figure 24. In addition,

normally seen on the larger scale low frequency

a 16| ft spatial sampling was used.

reflection sections.

Here only the

This type reflection informa

first half second is shown although data was re

tion for the first time approaches the detail seen

corded to several times this depth.

on sonic and electric logs.

As in the

Note the crossing re

first example, only composite events can be seen

flection events are restricted to certain specific

and these blur out on the reproductions of the
original section.

would be anticipated geologically.

layers and can be correlated across the fault as

Zooming in closer, the detail on Figure 25 is

Zooming in one last time on Figure 28 permits the

still too fine to distinguish clearly.

depositional patterns to be seen close up.

The fre

The

quencies here are obviously a great deal higher,

timing lines here are only 1.25 ms apart and re

and resolution accordingly better than in the
preceeding example.

flection events are seen having periods close to
that interval showing that 700 to 800 Hz reflect
ions have been faithfully recorded and digital

To illustrate just how high were the recorded

processed seismic waves with predominant frequen

frequencies, a coherence spectra prepared from

cies in this region can detect beds with thickness

short and long traces of one profile on the far

es of less than 2 feet in an average 10,000 ft per
second medium.

left side of the section at point 650 is shown on
Figure 26.

Frequencies as high as 900 Hz are

indicated in the coherent energy between the two

7.

CONCLUSIONS

short traces in the common depth point group.
The high resolution data shown here requires care
The upper frequency of the coherent events dropped

ful and detailed handling, both in the field
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acquisition and subsequent computer processing

ineering applications are favored, and good to

operations.

excellent results can be anticipated in areas

This handling is time consuming and

therefore somewhat more expensive than convention

where near surface conditions permit.

al seismic operations, but even so, high resolu

thicknesses of a foot or two can be detected

Beds with

tion seismic is less expensive than numerous deep

and faults having throws as small as several feet

coreholes in most areas.

can be seen.

It is only a matter of time until

the seismic method will be fully utilized in
Mining and civil engineering have historically

developing energy sources such as coal and

been corehole oriented and there is no question

uranium, as well as petroleum.

that "hands on" direct information is in many
ways superior to that obtained by indirect acousti
cal methods.

I would suggest to you that with

the cost of drilling going higher and higher it
may now, or in the near future, be cost effective
to employ this admittedly expensive high resolu
tion technique to supplement the corehole inform
ation by providing interpolation points or "quasi"
coreholes every eight to sixteen feet along a
traverse line.

With such a density of information

the spacing between coreholes might well be in
creased and thus the number of holes needed to
evaluate an area reduced accordingly.
This technique, on a much coarser scale, is
currently being exploited for secondary and
tertiary recovery programs in oil fields by
major oil companies, who have also demonstrated
that reliable "rock" information can be extracted
from the seismic traces in addition to the more
familiar structural data.
The emphasis on high resolution by the petroleum
industry has produced fall-out which is available
for civil engineering and mining applications.
The data I showed was acquired with existing
equipment modified to meet the special require
ments of shallow investigators.

Although the

earth remains the ultimate filter through which
all seismic information must pass, the resolution
capability of the recording and processing system
has been extended to provide resolution 10 times
greater than heretofore available.
Since the absorption of high frequencies increas
es with depth, the shallow mining and civil eng-
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HYDRAULIC CONTAINER PIPELINING—
A FUTURE TRANSPORTATION SYSTEM TO CONSERVE ENERGY
Henry Liu and Donald L. Gibson
University of Missouri-Columbia
Columbia, Missouri

Abstract
Hydraulic container pipelining (HOP) is a new concept in freight transport which
has far-reaching implications for a world plagued with pollution and energy
shortage. Compared with other modes of freight transport, such as trucking and
railroads, HCP consumes less energy and causes less pollution and damage to the
environment, based on the same amount of cargoes transported over the same dis
tance. The concept holds great promise for the future.
1. BASIC CONCEPT
Figure 1 represents the concept of a container
carrying cargoes through a pipe of a diameter
10-20% larger than the container diameter. The
container is moved by water or another fluid in
the pipe. Due to the maximum velocity at the
pipe centerline and decreasing pressure in the
direction of flow, the container moves at a
velocity slightly higher than the mean velocity
of the water in the pipe. By fitting a collar to
the nose of the container as shown in Fig. 1, the
container will move in a "nose-up" position at a
small angle of attack a. This increases the hy
drodynamic lift on the container, and allows con
tainers that are heavier than water to be lifted
off the pipe surface as they move.

FLOW DIRECTION

FIGURE 1

T

a * ANGEL
OF ATTACK

Container Moving Through Pipe.

components: viscous dissipation of fluid, and
contact friction. In the past, much research ef
fort has been centered on finding ways to reduce
contact friction. According to Canadian studies
reported by Ellis^, containers of many shapes
and with many fittings have been tested. Col
lared cylindrical containers, as in Fig. 1, are
currently considered to possess the most desir
able geometry. Contrary to what one may expect,
streamlining capsules has little effect on reduc
ing energy loss.

Ideally, a container moving through the pipe
should never touch the pipe wall. This minimizes
energy loss due to contact friction and elimi
nates wear of the surfaces of the container and
pipe. Realistically, however, even containers
with a specific gravity exactly equal to one will
have occasional contacts with the pipe. There
fore, the energy loss of HCP always includes two
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2.

HISTORY OF HCP

Pennsylvania sponsored by the Department of Trans
portation, and an experimental research program
that has been recently initiated at the University
of Missouri-Columbia.

According to Govier and Aziz^, the concept of
HCP originated in Canada in 1961, growing out of
observations of the two-phase flow of oil and
water in pipes. Hodgson and Bolt' ' first dis
cussed the potential application of the concept
for freight transport. Hodgson and Charles^
referred to HCP as "the third generation of pipe
lining", with the first and the second generation
to be respectively fluid pipelines and slurry
pipelines. Most of the studies of HCP were done
in Canada, under the auspices of the Research
Council of Alberta and the Canadian Federal Min
istry of Transport^10’11 K The technique has re
ceived little attention in U.S. scientific and
engineering circles. In scientific literature,
HCP is often referred to simply as "capsule pipe

3. ADVANTAGES OF PIPELINE TRANSPORT
Generally speaking, pipelining requires low energy
and low cost, and is virtually pollution free.
( 2)
This has been well articulated by Bagwell.' '
According to a study by Hirst,^ the energy for
transportation in the U.S. accounts for about onefourth of the total energy used by the nation.
Transportation consumes approximately twentythousand trillion Btu per year. Therefore, reduc
ing consumption of energy by the use of more effi
cient transportation systems is of great impor
tance to the nation.
The efficiency of transportation with regard to
energy consumption is characterized by a quantity
called "energy intensiveness", hereafter abbre
viated as "El". By definition, El is the amount
of energy used in transporting a unit weight of
cargo over a unit distance. A common unit for El
is Btu/ton-mile. According to Hirst,^ the
average values of El for ordinary pipeline, water
way, railroad, truck and airplane are, res
pectively, 450, 540, 680, 2300 and 37000 Btu/tonmile.

lining."
Although HCP is a relatively new concept, its
counterpart which uses air as the carrier fluid-the pneumatic dispatch system--is a concept that
is more than three centuries old. According to
Vivian^14^, pneumatic dispatch was invented in
1667 by French physicist Denis Papin. The method
has since been used throughout the world for spec
ial purposes such as transporting cash, documents,
mail, etc., over short distances. Unlike HCP,
pneumatic dispatches are suitable only for short
distances because of the large energy required.

The above figures do not reflect the large varia
tions within each mode of transportation. For
pipelines, the value of El varies with the size of
pipe; larger pipes generally require less El.
Likewise, large variations of El exist for other
modes of freight transportation. For instance,
as reported by Ashtakala,^ the El for trucks may
sometimes vary by as much as six times, depending
on the size and the type of trucks, whether loaded
one-way or two-way, etc. As pointed out by Zandi
(15)
and Kim,' ' accurate determination of El can
be done only for a given situation with respect to
specific transportation requirements. In spite of
these limitations, Hirst's figures cited above are
still valuable for general comparison, provided
that the limitations mentioned are understood.
These figures point to the fact that, in most

A variance of pneumatic dispatch is the "pneumo
train" used for transporting large amounts of
cargoes and passengers. Pneumo trains are sus
pended on wheels inside large pipelines. Accord( 12)
ing to Kobuliya' ', an experimental system of
pneumo trains was built in Russia in 1971. In the
U.S., the Tubeexpress Systems, Inc., Houston,
(3)
Texas, has built such a system' '. Like the
pneumatic dispatch, pneumo trains require a large
consumption of energy and, hence, are unsuitable
for long-distance transport of cargoes.
The study of HCP in the U.S. is only in the infant
stage. Activities are limited to a planning and
promotion effort by the Warren Harris Industry in
Chicago, an assessment study at the University of
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situations, pipelining requires less energy con
sumption than trucks or railroads. As will be
shown later, HCP is no example.

associated with the disposal of the contaminated
water pose significant economical and ecological
problems. Compared with slurry pipelining, the
principal drawbacks of HCP are the cost associated
with loading and unloading of containers, and a
higher initial investment due to the need for a
separate return pipeline. The initial economic
disadvantage of HCP may be offset by the following
advantages: (1) HCP is more versatile than slurry
pipelining; containers can carry a large variety
of cargoes. (2) Coal or other minerals do not
have to be pulverized and mixed into a slurry;
they can be transported dry and in the form mined.
(3) Because of the returning pipeline, water re
circulates in the system and is not lost. This
eliminates water consumption and, hence, avoids
detrimental environmental impacts such as that
feared by the public in Wyoming, South Dakota and
Arkansas. (4) No pollution is caused by trans
porting coal or other cargoes by HCP, in contrast
to the water coming out of the coal slurry at
pipeline terminals that must be treated to prevent
serious surface water pollution if discharged into
streams and ground water contamination if infil
trated into soil. (5) The return pipeline makes
it possible to use high polymers or other sub
stances that reduce energy loss and pumping costs.
(6) In the case of transporting coal from mines to
power plants, the return pipeline may be utilized
to transport fly ash for disposal in coal mines
without additional cost.

In addition to the energy saving feature, HCP
also has all the advantages of solid pipelines
mentioned by Zandi and Kin/1^: reduction of
traffic in congested highways and streets, lessen
ing of air pollution, reduction of noise and acci
dents, independence from weather, and adaptable to
automation. Moreover, since the energy needed for
pipelining is electricity which can be generated
from coal or nuclear power plants, a shift from
trucking to HCP would lessen the dependence on oil
as an energy source.
4.

POTENTIAL APPLICATIONS OF HCP

One potential application of HCP is transport
ing processed refuse. Faced with an increasing
problem in solid waste disposal, many cities are
beginning to use refuse for power generation which
involves collecting refuse and bringing it to a
central processing plant where the refuse is
shredded and sorted. The combustible parts of the
refuse (generally in the neighborhood of 60% of
the total) are then transported to a power plant.
Studies by Jensen et al in Canada^11^ indicate
that when the distance between the processing
plant and the power plant is significant, the
transportation cost for processed refuse will be
less with HCP than with trucking. An important
fringe benefit of HCP in this application is the
reduction of traffic congestion, accidents, and
air pollution.

A third potential application of HCP is transport
ing grains and other agricultural products. The
export of U.S. agricultural products plays a vital
role in balancing the trade of the nation, and in
feeding the hungry of the world. Therefore, it is
expected that in the future the production level
of the U.S. agriculture will be increased, and the
export of agricultural products will be expanded.
This requires a transportation capacity larger
than the existing network of deteriorating rail
roads can handle. Instead of building new rail
roads, it may be much cheaper to build pipelines.
HCP may make an important contribution in this
case.

Another potential application of HCP is trans
porting coal over long distances. At present,
the most economical way for distant transport of
coal is via slurry pipelines. For instance, a
coal slurry pipeline from Wyoming to Arkansas has
been proposed. This proposed pipeline has caused
grave concern by the public in Wyoming and in the
neighboring state South Dakota because the water
used may tax heavily on the scarce water resources
of the two states. In addition, the water must be
removed from the slurry before the coal can be
used. The cost of removal and the problems
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2

There are many other potential applications of
HCP, such as transporting minerals over mountain
ous areas, transporting construction materials to
large construction sites, transporting hazardous
materials such as nuclear fuels or waste for
safety not economic reasons, etc.

The cross section of the flow is A = 0.545 ft ,
and the discharge is Q = AV = 4.91 cfs. From
these figures, the power used to pump the water
over one mile distance is P = yQhf = 47.06 Btu/
sec-mi. Because the amount of water pumped
through the pipe in each second is W = yQ = 0.153
ton/sec, the energy intensiveness is El = P/W =
yQhf/yQ = hf. This shows that the El of the flow
is the same as the head loss encountered along
one mile of the pipe. Therefore, for the case at
hand El = 120 ft/mi = 307 Btu/ton-mi.

All of the aforementioned applications deal with
specific cargoes. Since HCP can be used to trans
port any cargo that can be fitted into a con
tainer, there is no need to limit the type of
cargo. A network of HCP between large cities can
be used to transport various cargoes in much the
same manner as railroads or trucks are used. When
different capsules carry different cargoes, each
container should be identified by a number and a
tag, with the number identifying the customer and
content, and the tag indicating the destination.
Highly automated systems to handle capsule trans
port is of course a necessity.

Next, consider a corresponding container pipe
line, with D = 10 inches and d (container dia
meter) = 9 inches. The diameter ratio k = d/D =
0.9. The cross-sectional area of the container
2
is Ac = 0.442 ft . Suppose the specific gravity
of the container is a = 1.5, and the linefill is
80%. From Fig. 3-81, Ref. 10, the pressure
gradient along the pipeline is 0.015 psi/ft =
2.16 psf/ft for a capsule or container velocity
of Vc = 9 ft/sec. The container used in this
case is one with a collar located near the front
as shown in Fig. 1. The power required over a
distance of one mile is P = ApQ = 72.0 Btu/secmi. In the above computation, the bulk velocity
of the flow was assumed the same as the capsule
velocity--an assumption that causes only minor
error.

It is possible that in the future some major pipe
lines built for transporting commodities such as
natural gas, oil or slurry will be abandoned for
lack of commodity to be transported. When that
happens, these pipelines may be converted to
capsule pipelines at minimal costs for general
transportation use. This could effect great sav
ings for pipeline companies.
5.

ENERGY INTENSIVENESS OF HCP

Neglecting the weight of the container wall, the
amount of cargo transported per second is
W = 0.8 ayV Ac = 0.149 ton/sec. Therefore, the
El of the container transport is El = P/W = 483
Btu/ton-mi.

An analysis is made below to compare the energy
intensiveness (El) of hydraulic container pipe
line with that of ordinary liquid pipeline and
slurry pipeline.
First, consider the case of liquid pipelines.
Take a steel pipe of diameter D = 10 inches, with
water through the pipe at a mean velocity V = 9
ft/sec, and temperature T = 60°F. The Reynolds
5
number of the flow is Re - 6.2x10 , and the re
lative roughness of the pipe is e/D - 0.00018.
From the Moody diagram, the resistance factor of
the flow is f = 0.015. Using Darcy-Weisbach
formula, the head loss along the pipe over a onemile reach is h^ = 120 ft.

Finally, consider a corresponding slurry pipe
line, and assume the 10-inch pipeline is used to
transport fly ash. From Ref. 5, the specific
gravity of the fly ash is 2.56, and the slurry
contains 58.5% solid by weight. This means the
slurry mixture has a specific gravity of
am = 1.55,
and a density pin = 1.55x1.94 = 3.01
<5
slug/ft .
As discussed in Ref. 5, the slurry behaves
approximately like a Bingham plastic fluid (a
special type of non-Newtonian fluid). The
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effective coefficient of rigidity of the slurry
is 5 = 17 centipoises. (? is the counterpart of
p, the dynamic viscosity of Newtonian fluids.) In
English units, c = 3.54x1 O'4 lb-sec/ft2.

Table 1 -- El in Transportation for Liquid,
Container, and Slurry Pipelines
(Assuming water in steel pipe; cylindrical con
tainer with collar; 9 ft/sec velocity; slurry of
fly ash 59% by weight; specific gravity of cap
sule = 1.5; efficiency of pump is 80% for liquid
and slurry pipelining, and 70% for container pipe
lining; 80% linefill of containers.)

Using the values of the effective coefficient of
rigidity and the slurry density, the effective
4
Reynolds number of the slurry is 6.4x10 .
As described in Ref. 5, this slurry Reynolds num
ber may be used in standard friction factor/
Reynolds number charts, such as the Moody or the
Fanning diagram, to determine head loss. With
Re = 6.4x10^ and e/D = 0.00018, the friction fac
tor from Moody's diagram is f = 0.0207. There
fore, the head loss per mile is hf = 165 ft/mi.
The corresponding pressure drop is Ap = 15960 psf.
The power used per mile is P = QAp = 100.7 Btu/
sec-mi. The solid throughput is W = QYamx58.5% =
0. 1387 ton/sec. Thus the energy intensiveness of
the slurry transport is El = P/W = 725 Btu/ton-mi.

Pipe
Diameter
(inch)
10
18
36

El (Btu/ton-mile)
Liquid
Container
Pi peline
Pipeline
384
691
190
340
84
150

Slurry
Pipeline
906
443
195

6. REMAINING PROBLEMS
Notwithstanding the potential usefulness of con
tainer pipelining, many technical problems con
cerning the method remain unsolved.
One major problem remaining in HCP is pumping.
Containers simply cannot pass ordinary pumps. A
special mechanical pump which allows the passage
of capsules has been developed in Canada, but the
pump has many drawbacks. Engineers at the
University of Missouri-Columbia are studying
several new ideas to pump containers, such as by
using linear induction motors to apply energy
directly to capsules. Preliminary results of the
study will be reported at the International
Symposium on Freight Pipeline in December
1976.(13)

From the foregoing analysis, we see that for
freight transport at a speed of 9 ft/sec in a 10in. pipe, the energy intensiveness is 307, 483,
and 725 Btu/ton-mile, respectively for ordinary
liquid pipeline, container pipeline, and slurry
pipeline. The above figures were obtained without
considering energy lost in pumps. If we assume
pump efficiency to be 80%, 70%, and 80%, res
pectively for the three kinds of pipelines men
tioned, then the respective values of energy in
tensiveness become 384, 691, and 906.

Another major problem lies in the injection of
containers at pipeline intakes. In order to
maintain a high rate of linefill required for
economic operation of container pipeline systems,
containers must be fed into the pipe at a rapid
rate. A proposed system to accomplish this is
also under study at UMC. Many other less im
portant technical problems also must be solved
before an efficient and trouble-free container
pipeline system can be put into operation. These
remaining problems present a challenge to scien
tists in many fields. Only through vigorous
research can this potentially useful technique
be harnessed to serve mankind.

Using the same approach, we may compute the energy
intensiveness for the three kinds of pipelines at
other diameters. The results are listed in Table
1. As shown from the table, the energy intensive
ness of HCP is even less than that for slurry
pipelining. For a 36-inch container pipeline,
the value of El is only about one-fifth of the
average El cited for railroads, and about onesixteenth of that cited for trucks. This shows
the great energy saving potential in HCP freight
transport.
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MINIMIZING TRANSPORTATION COST WITH
COMPUTERIZED ROUTING
James K. Byers and Kaye Grau
University of Missouri - Rolla
Rolla, Missouri

Abstract
A computer model has been developed to assist in the routing of transportation
vehicles. The model is being used to design some of the bus routes for schools
and delivery routes for companies. The results of two applications are presented.

1.

INTRODUCTION

2. AREAS OF APPLICATION

During the school year 1973/74, approximately 42
million dollars were spent on pupil transportation
in Missouri public schools. Of this amount 27
million dollars were paid for by reimbursements
from the state to the local schools while the re
mainder was paid out of local schools' budgets. A
rural school in Missouri that transports 1,000
pupils will have a yearly transportation expense
of about $100,000. With the increasing cost of
energy, these costs can go nowhere but up.
These types of staggering cost figures provided us
with the incentive to develop a computer model for
optimizing the routes for a fleet of vehicles.
This project began as a research project during
1973 in the Computer Science Department at the
University of Missouri - Rolla. During the last
year, it has matured into an operational model that
is now being used for school bus routing as well as
for routing delivery trucks. The results of two
case studies are presented in this paper: (1)
routing of school buses for Crawford County R-II
School District and (2) routing of trucks for DeLeo
Distributing Company who distributes Stag and
Olympia beer.
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There are many different areas where computer rout
ing can be used. Some of the most prominent ones
are:
(1)
(2)
(3)
(4)
(5)
(6)
(7)

School buses
Bottling distributors
Beer distributors
Gas/propane distributors
Milk distributors
Bread distributors
Grocery chains

(8)

General wholesale distributors

The unique features about each of these applications
is that they either run regular routes or routes are
based on orders that are received over some period
of time. When regular routes are established, such
as for school buses and most distributors, the rout
ing analysis needs to be done only periodically.
When routes must be established based on orders re
ceived over some time, a real time routing model
must be established which would require an inhouse
computer facility.
There are some clues that can be used to spot an in
efficient set of routes. The most significant ones
are:

(1) Can any of the vehicles haul a
larger load?
(2) Do any of the routes criss cross
or double back?
(3) Is the percentage of time the
vehicles are driven while empty
too high?
(4) Are any of the vehicles parked
too much?
It has been our experience that anyone who does not
conscientously analyze their routes periodically
will have an inefficient set of routes.
3.

PROCEDURE FOR ROUTING STUDIES

The analysis of a set of routes, whether it be buses
or delivery routes, consist of four major steps.
They are:
(1) Data gathering
(2) Data processing
(3) Design of routes
(4) Implementing the results

packaging.
The master map is required to develop the distance
matrix that is required for estimating the distances
of the routes. The map is placed on a large digi
tizing tablet connected to a Nova minicomputer.
Distances between adjacent stops are recorded in
the computer by tracing the tablet pen over the
roads that can be traveled. This provides an
accurate and efficient means of computing the dis
tances which is far superior over manual and
approximate methods that are currently used by
other analysts.
After all the data has been processed and put on
cards, the design of the routes begins. The
initial step is to obtain a set of routes generated
by the computer. The locket method of sequential
programing is used to obtain this initial set of
routes. Constraints can be placed on the vehicles
capacities and distances. Under most conditions,
this method provides excellent routes; however,
manual adjustments are always required.

Most of the workload of data gathering is on the
customer. The data that must be gathered are:

Colored pens are used to draw the routes on plastic
overlays of the master maps. This provides good
visualization of the routes such that appropriate
adjustments can be made. These adjustments can be
for a variety of reasons -- further reduce the
distance, eliminate hazardous conditions, provide
special consideration for a customer, etc. After
all manual adjustments are made, the new routes
are read into the computer and new loads and dis
tances are computed. This man/machine interaction
is continued until an acceptable set of routes is

(1) Location of customers
(2) Quantity to be delivered to or
picked up for each customer
(3) List of the vehicles available
and their capacities

The best way that we have found to collect the data
is to let each driver record the location of the
stops on his route and the demand at each stop. In
the case of bus routes, the demand would be a list
obtained.
of the pupils at each stop while for del ivery routes,
The preliminary set of routes is presented to the
it is the number of packages to be delivered.
customer for his review. This review usually
The data processing phase consist of (1) punching
prompts further man/machine interaction with the
the demands up on cards, (2) developing a master
routes. After the final set of routes is completed,
map that contains the stops for all routes, and (3)
a final report is presented to the customer. The
developing the distance matrix for the distances be
final report contains a map with the routes color
tween stops. One card is punched up for each stop
coded, stop-by-stop data on each of the routes and
that gives the total demand for the stop. There can
a summary sheet for the routes.
be more than one type of demand. For bus routes,
4. CASE STUDY I:
the different types of demands refer to different
CRAWFORD COUNTY R-II SCHOOL DISTRICT
schools that pupils attend. For delivery routes,
the types of demand refer to the different types of

The Crawford County R-II School District transports
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almost 1,000 pupils per year. During the 1975/76
school year, 16 bus routes were used. After com
puterized routing was used, the number of routes was
reduced to 15 and the total mileage was reduced by
38 miles which was a 6% reduction in mileage. No
significant problems were encountered by the school
district in implementing the new routes.
The data gathering for the Crawford County R-II
School District began in the Spring of 1976. Each
bus driver was requested to locate the stops on his
route on a map and to list the pupils picked up at
the stops. County maps obtained from the State
Highway Department were used for the county routes.
A town map was used for the town routes. The data
was checked by the transportation director before
we received it. The data was fairly accurate as
was proven later.

savings of 70 miles.
TABLE I
Comparison of Actual Versus
Estimated Distances
Bus

Actual
Mileage

Estimated
Mileage

1

35.2
78
70
35.6
82.5
28
34
9.8
8.8
9.4
7.2
63.6
75.6
54.6
60.4

33.7
72.8
68.7
36.4
72.2
31.1
32.6
8.7
7.6
8.8
7.3
65.1
70.5
57.9
58.4

2
3
4
6
7
9
10A
1OB
11A
11 B
12
13
14
15

Each pupil's name was punched up on cards along with
the stop number we assigned to their stop. The
cards were used to get the total demand at each stop
which is what is used by the routing program. The
only other place that the pupil's name is used is
652.7
631.8
to give a list of the pupils at each stop for the
final set of routes.
*Stops were added to the actual route.
The distance data was processed on the digitizing
tablet as previously described. The tablet pro
vides an accurate means of estimating the distances
of routes. Table I shows a comparison of estimated
distances using the tablet versus actual distances
as measured by the odometer on the school buses for
the final routes implemented. The final estimate
is within about 3% with explainable differences
included. When explainable differences are removed,
the estimate is close to 1% of the actual. Cer
tainly this is within acceptable limits.
The design of the routes begin by obtaining a com
puter solution using the lockset method of sequen
tial programing. The computer solution had more
turnarounds than could be tolerated. Manual ad
justments were made to reduce the number of turn
arounds plus further reducing the mileage. This
preliminary set of routes was presented for review
to Mr. Benny Gooden, Superintendent of the Crawford
County R-II school. These routes had an estimated
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Difference
1.5
5.2
1.3
-0.8
10.3*
-3.1
1.4
1.1

1.2
0.6
-0.1
-1.5
5.1
-3.3
2.0
20.9

Comments received back from the superintendent were
(1) one route took too much time, (2) a hazardous
crossing was being utilized, and (3) one turnaround
that was specified could not be utilized. Manual
adjustments were made to the routes to take care of
these conditions. The adjustments required adding
approximately 15 miles to the routes. The final
set of routes was acceptable and the school dis
trict made plans to start the school year with them
A comparison of the 1975-76 routes and the 1976/77
routes is given in Table II. Note that while elim
inating almost 6% from the routes, the number of
turnarounds did not increase and the average dis
tance that each bus travels per day does not in
crease. Verbal comments received from the superin
tendent were that no major problems were involved
with implementing the routes and the new routes
provided better transportation service for the
pupils on the average.

TABLE II
Comparison of Routes for
Crawford County R-II School

Total number of pupils
Number of buses
Number of routes
Number of turnarounds
Total approved miles (per day)
Total miles (per day)
Average miles/day
Density
Total cost

1975/76
935
12
16
20
292
690
43
3.20
67,234

1976/77
944
12
15
20
269
653
43
3.51

The change in format of the output results was pri
marily due to the way the beer is packaged. A
sample of the output for one of the routes is given
in Figure 1. A comparison of the current and pro
posed routes are given in Table III.
It is noted that none of the above differences
caused any significant conversion problems. Con
version to other types of distributors should be
even easier.
TABLE III
Comparison of Routes for
DeLeo Distributing Company6

63,628

Current

Proposed
(Preliminary)

6644
Total delivered (cases/week) 6644
492
Largest load (cases/week)
533
4
Number of trucks
4
DeLeo Distributing Company distributes Stag and
19
20
Number of routes
Olympia beer over a seven county area in East
184
206
Longest route (miles)
Central Missouri. Three trucks are used to deliver
100,308
Total miles (yearly)
111,124
Stag to 250 customers and one truck is used to
deliver Olympia to 125 customers. The trucks are
running 5 days per week which gives a total of 15
Stag routes and 5 Olympia routes. Although this
6. CONCLUSIONS
study has not been completed, preliminary estimates
The case studies that have been presented has led us
indicate that at least an 8 to 10 percent reduction
to the conclusion that computerized routing will
in mileage will be achieved with 1, possibly 2 or
work. We do not believe that these are extreme
3, routes being eliminated.
cases that have been presented. Based on what we
Three primary differences existed between the
have done and observing what others have done
analysis of school buses and beer trucks: (1) with around the country, an average of 7 to 10 percent
beer trucks turnarounds are not a problem, (2)
savings on each set of routes analyzed is not an
loads are computed differently, and (3) the output
unrealistic goal.
results are formatted in a different manner. The
For computerized routing to work, there must be
beer is packaged in three different types of con
cooperation between the customer and the analyst
tainers: returnable bottles, cans, and one-way
doing the study. If this cooperation does not
bottles. The trucks are loaded through the use of
exist, then it is a futile effort.
pallets with a maximum of ten pallets to each
In order for the State of Missouri to ever save a
truck. The number of cases per pallet depends on
5. CASE STUDY II:
DELEO DISTRIBUTING COMPANY

the type of container. Thus the capacity constraint
that was placed on each truck was 10 pallets. The
demand at each stop was given in terms of the number
of cases of each type of container.
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significant amount on school bus transportation, the
state aid formulas must be revised. The current
formulas discourage most schools to reduce transportation cost. It is not true, as some might
claim, that formulas that provide an incentive to
reduce transportation cost would sacrifice safety

and service. It is staggering to think what the
savings would be if 1% was eliminated from the more
than 42 million dollars that is spent on school bus
transportation in Missouri. The responsibility for
action on this important subject is upon the state
legislators.
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Figure 1
PROPOSED OLY ROUTES FOR DELEO DISTRIBUTING COMPANY
ROUTE NUMBER

5

TOTAL CASES:
38 234
73
TOTAL PALLETS:
6
TOTAL DISTANCE:
53.39
DISTANCE WITH LOAD:
28,99
DENSTY (CASES/MILE):
6.46
TOTAL TIME:
403.52
TRUCK NUMBER:
STOP
MO.
DELE
I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
DELE

4

ACCOUNT NAME

DRIVER:

PETE

TOTAL CASES
TOTAL
TYPE 1 2 3 PALLETS
0
0
1
1
2
2
2
2
3
3
4
9
9
14
19
20
20
20
21
31
31
38
33
38
33
38
38

0
5
15
18
33
43
73
78
88
103
113
133
133
133
135
160
170
205
214
219
219
219
219
224
224
234
234
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0
0
10
13
18
18
18
18
23
28
31
41
44
44
44
54
54
56
57
57
60
60
64
69
73
73
73

0
l
3
3
3
3
3
3
4
4
4
4
4
4
4
4
5
5
5
5
5
5
6
6
6
6
6

DISTANCE
TOTAL
0.0
19.48
24.39
24.59
24.79
24.99
25.19
25.39
25.59
25.79
25.99
26.19
26.39
26.59
26.79
26.99
27.19
27.39
27.59
27.79
27.99
28.19
28.39
28.59
28.79
28.99
53.39

TIME
TOTAL

REF
STOP

0.0
45.39
65.82
78.16
90.50
102.85
115.19
127.53
139.88
152.22
164.56
176.90
189.25
201.59
213.93
226.28
238.62
250.96
263.30
275.65
287.99
300.33
312.67
325.02
337.36
349.70
391.52

350
254
270
269
268
262
261
265
129
128
130
117
116
118
119
260
257
126
259
125
258
124
271
273
58
59
350

ECONOMICS OF UNDERGROUND DISTRIBUTION CABLES
M. MOHAJERY
Alcoa Conductor Products Company
Massena, New York

Abstract
The economics of the primary underground distribution cables are considered. Single-phase circuits
are examined using different distribution system options. Within each option, the present worth
of the total cost of the cable installation is optimized. If more than one option can be utilized, the
appropriate costs are compared and the most economical option is selected.
1. INTRODUCTION
Recent national awareness of possible future energy shortages and the
large increases in the energy costs which have occurred in the past
several years, have focused considerable attention on economics of
energy supply. New sources of energy are being sought and conser
vation of the old sources is being urged. The problem is one of ensuring
an adequate supply of energy in the years to come at a reasonable cost.
Several current projects are directed towards optimizing present
electrical power supply systems to reduce their costs. The major em
phasis, however, has been placed upon the electrical generation costs
and to lesser degree on electrical transmission costs. Distribution costs
have not received much attention.

icularly distribution cables) have received little research and devel
opment attention)?). Fortunately, however, large cost savings can
be achieved by properly sizing existing distribution cables. No new
cable designs (requiring large R&D effort) are essential for such cost
saving. New cables designed specifically with eneigy conservation
as a criterion may provide even larger cost savings. Meanwhile, the
existing cables can be sized for economical operation of the system.
Since underground distribution of the electrical energy is likely to
account for a major part of the future distribution circuit construc
tion it is prudent to study the economic optimization of Primary UD
Cables.

The reason for this relative lack o f attention to distribution system
costs may be twofold: First, economics of the distribution systems are
extremely complex especially since they are often tied in with consid
erations of reliability, ease of field service, material availability, good
electrical and thermal performance, etc. Second, since the capital
requirements of a single distribution circuit is relatively modest (com
pared to generation and transmission costs), no large cost savings has
been thought to result from optimizing distribution. Not surprisingly,
therefore, the operating conditions and design standards particular
to a given utility company (rather than economics) have traditionally
governed the design of distribution circuits.

Some previous studies o f the economics of distribution systems do
ex ist^ ’**1"’’*^. These works, however, suffer either from lack of
modeling accuracy or that of scope. A majority of these models
were developed to apply to particular needs of a specific utility
company and cannot be generalized to cover other situations. Other
models used simple mathematical formulations and lacked accuracy.
Furthermore, most efforts have been geared towards overhead
distribution circuits. Only recently have underground distribution
systems received any attention^7). It is to correct the above short-comings that the present study of the economics of the primary UD
cables was carried out.
2. ECONOMIC CONDUCTOR SIZING

Electrical distribution systems do present a real opportunity to affect
large cost savings. Baugliton and Bottaro in a recent studyri) indicate
2.1

that in 1972 the total costs associated with the distribution systems for residential and small light and power customers - was 34.8 percent
of the total costs. These costs were higher than either the generation
or the transmission costs and accounted for the largest single contribu
tion to the final cost of the delivered power. It becomes apparent that
economic optimization of the distribution system (if successfully ap
plied) may have a large effect upon the final power costs. The potential
savings may be as large as those envisioned for the optimized generation
or transmission systems.

GENERAL CONSIDERATIONS

The following report is based upon results obtained to date by Alcoa
Laboratories in a program studying Economics of UD Circuits. The
basic premise, advanced here, is that for a given distribution circuit
(given load, load growth rate, voltage level, etc.), the primary UD
cable can and should be selected so that the present worth of the
total life time costs of the installation is a minimum. UD cables so
sized will not only be cost effective, but will also be optimal from
an energy expenditure standpoint.
Preliminary indications show
that for reasons of economy and cost reduction, UD cables should,
generally, be loaded to only a fraction of their thermal limit current-

One of the major contributors to the total distribution system costs
is tire Primary Distribution Cable. Distribution Systems (and part
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carrying capacities. An added advantage of this scheme is that the
lower than thermal limit loading provides for safe operation of the
cable as well as providing an extra factor of safety should loads grow
at a faster rate than anticipated.

growth rate, etc. complex space.
6.

The general procedure is one of incremental cost analysis. Relevant
costs o f the installation (both fixed and time dependent) are compared
and an optimum is sought using several different options which are
thought to occur in practice. Note that some additional costs may also
occur. These costs, however, do not depend on the cable size used
(e.g. engineering cost, right-of-way, switchgear, transformers, etc.).
Unless otherwise noted, these costs do not affect the incremental cost
difference using different cables and can be left out. The conductor
serving a particular distribution circuit is then selected (from the
available cable sizes) so as to have a minimum total present worth
of all the costs incurred within its useful life. A particular utility
company, utilizing one of the options considered here and stocking a
limited number of cables sizes, can establish guidelines and upper limits
for the application of each conductor size in its stock.
2.1.1

It should be noted that, in the models developed to date,
economical cable sizes are found within each option. But if
one of several options can be used by a given utility, one may
compare the total cost of installation for a finite time horizon
using the different options and choose the alternative with the
minimum total cost.
2,1,2

2.

3.

4.

Load Growth Rates

Within each o f the option models developed, important parameters can
vary resulting in different levels of mathematical complexity. Some of
these parameters are fairly well known; such as the dc resistance of the
cable, inductive resistance, etc. Data for others can rather easily be
obtained through utility surveys (power costs, installation costs, etc.).
Yet other parameters are dependent upon historical trends and may not
be as readily discernible. Load growth rate is one such parameter. It is
probably dependent upon the geographic location, type of area the cir
cuit serves (residential, light industrial, etc.), availability and cost effec
tiveness of the electrical energy, etc. Assumptions made as to the mag
nitude o f the load growth and its variations with time in a given circuit
greatly influence the economics o f the primary undetground distribu
tion cables. Therefore, an effort should be undertaken to gather suf
ficient data from the operating utilities so that realistic models of the
load growth rate can be developed and used in sizing UD cables.

Options Considered

It was mentioned above that the theoretical models developed in this
study consider several different options. These options are scena
rios which may be considered by a utility company in the cable sizing
process. The following is a list o f the options considered. This list is
probably not exhaustive and should be expanded to include all of the
different possibilities that may realistically arise.
The options
considered are:
1.

If a nearby overhead transmission or sub-transmission line is
available, reduce the load in the initially installed cable by
adding a short section o f line, dividing the circuit in two
halves.

No changes are to be made once the conductor is installed.
The cable is to be sized so that it carries the load for all of
its expected life.

Meanwhile, the theoretical models developed to date assume certain
load growth rate functions which were seen to represent realistic
possibilities. In general, the load in a distribution circuit may be
represented by:

Once operating a given UD system using an initial size con
ductor becomes uneconomical, serve the load with a new con
ductor and abandon the old line. The initial sizing of the cable
is based upon an infinite time horizon for the load.

I = I eGt

o

When the current in a given UD system reaches a value such
that serving the load using the initially selected cable becomes
uneconomical, parallel another line with the original con
ductor reducing the load to one-half of its value. Again an
infinite time horizon is considered. Initial conductor sizing de
cision will consist o f finding the conductor size that for a given
initial load and load growth rate (and the cost data applicable)
plus all its subsequent changes will have a least total present
worth.

where:
I = current at any time t
I0= the initial current
G = G(t) represents the load growth rate function
t = time (in years)
It is the function G(t) that we are concerned with.
possibilities have been considered.

Once uneconomical loads are reached using a given size cable,
parallel another conductor in a duct already in the ground. If
within life uneconomic conditions should again occur, then
either:

Six different

1.

Constant load growth rate, t.e., G(t) = g

2.

A linearly decreasing load growth rate function;
i.e., G(t) = gQ-g]/

a. Remove either one of the original or the parallel cable from
the ducts and replace it with a larger conductor.

A step function growth rate; i.e. G(t) = gQ if

b. Pull in another conductor (in the pipe) further reducing the
load in the existing cables. The number of changes invol
ved within the life span of the original conductor is a func
tion o f the load growth (initial value as well as variations
with time).5
5.

T1>ts 0 , G(t) = gx if TjNtyTp G (t) =
g2 if Ty t>T2, etc.
A Gaussian distribution function G(t) = g e

This option is similar to option 3 above, only at replacement
times the original cable can be parallel with any size cable
(rather than another cable of the same size). A multiple
search routine is used to find the economic optimum in the
initial load, replacement load, initial size, replacement size,

A combination of the above functions.
Since by definition G(t) = ^ In | (t^O), then if

o
historical load data are provided a growth function
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can be calculated and used in the economic cable
W " A 1 + Jo'1[A lFl(t) + Io2e2tG(l:)Bl] e'rt dt +
sizing models.

+ Io2e2tG(C)B2] e"“ dt: + A2e'rTl
terms involving

It is hoped that one of the first five growth rate models would closely
approximate the historical data applicable to a given utility company.
However, in the absence of such a match a model for the applicable
growth rate can be constructed if the appropriate data are provided.
2.1.3

etc.

where:
A j ,A2= installed cost of a cable of size 1, 2.
Fj(t) = annual costs as percent of initial investment. A time depen
dent form is assumed here to account for possible inflation
ary patterns. The form used is:
Fj (t) = a0 (1 + ajt)
with aj the constant annual inflation rate,
r = interest rate
I0 = initial load (amperes) of the UD system
G(t) = the function representing the load growth rate. Several
alternatives can be used as previously discussed.

Inflation Modeling

A second parameter that greatly influences economic cable sizing
considerations and for which no universally applicable model can be
found is the inflation parameter. Price escalations in the recent past,
for example, have been much sharper than the historical trends.
Furthermore, different inflationary rates often apply to the different
costs’ components. For example, the annual price escalation appli
cable to the purchased price o f the cable may not be the same as the
one applicable to the labor rates (which in turn affect the energy
costs). In fact, inflationary patterns are so unpredictable and com
plicated that they are often neglected (for mathematical simplicity).
It is prudent, however, to explore the possible effects of inflation on
the cable sizing decisions.

B1,B2 = ^

loss per I7 =

TW7J [c.F.xD.C. +

Hff x

L.F.xEC(t)]

C.
D.
L.F.
EC(t)
R

F. = Coincidence factor
C. = Demand charge
= Loss factor, coincidence factor x load factor
= Energy charge = EC0(l+ a jt) considers effect of inflation.
= resistance. A constant value has so far been assumed, hut
temperature
dependence,
variations
with
induced
currents (8,9), reductions due to use of super pure alloys, etc.
can be considered,
t = t ime in years.
m = a parameter; m = 0 ,1 ,2 ,3 ,-------L = expected life of the cable, say 35 years
T i= replacement time: when it becomes uneconomical to serve
the load with cable size 1 and cable size 2 must be used.

Three possibilities are considered in the theoretical models developed.
First, no inflation; costs are constant throughout the installation life.
Second, a linear inflation function; the costs are assumed to increase
at a constant annual rate.
i.e., Cost (t) = Cost (0 ) [l + a tJ

where a is a constant. Furthermore, the same inflationary rate is
assumed to apply to all the costs involved. Third, an applicable infla
tion rate is calculated if the appropriate cost data are supplied (by a
given utility) and the resulting function is used in the calculation.

Tile summation involved in the last term is convergent and is shown to

Note that the above models all suffer from the same basic short
coming: having to predict price behavior based on previous trends. It
is possible, however, to carry out several calculations at different
inflation rates to assess the influence of the inflationary patterns upon
a particular sizing decision. The cable sizing should be chosen so that
the economic penalty is a minimum if the inflation rate should turn
out to be different than the assumed value. In practice it is prudent
to allow the error to fall on the side of “too large an inflation rate as
sumed”. If such occurs the total costs for the system originally in
stalled may be high. However, an opportunity to compensate for this
error may exist in the subsequent cable additions to the system.
Furthermore, this error (usually resulting in larger than necessary
cable sizes) leads to low cable resistive losses which can be justified
from an energy conservation standpoint. Should the error fall in the
otliqr direction, not only economic penalty can result and additional
cable change-overs may become necessary, but substantial electrical
energy will be lost (due to the cable resistive losses).
2.2

e-mrL+..
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If the simplest mathematical case is assumed

[c(t) = g,

Fx(c) = a, EC(t) - EC0]

and the intergration carried out, one gets

aA,
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°----2g -r-

<
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+ V ' rTl<1+ ^
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terms involving 12,13, etc.

REPLACEMENT LOAD

We will demonstrate the models developed by considering one of the
options involving the least mathematical complexity such as option 2.
In this option one replaces Conductor I with Conductor 2 and
abandons the old line. First, one ought to find when this is economi■ cally necessary. To find this “replacement time”, or the associated
“replacement load”, the total present worth o f all the costs is dif
ferentiated with respect to the replacement load and the derivation
is set equal to zero. The expression for the present value should in
clude all (but only those) costs that are dependent on the replace
ment level for timing. The present value o f costs associated witli a
cable serving a load I is:

Now by definition:
I(t) « IQegt 8° that R1 “ V

8fl °r

substituting this expression for T j, differentiating with respect to R|
and setting the derivative equal to zero, one will find:
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(A j - A j ) f r A 2 ( l+
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Cable
Size

Total
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stalled
Cost
$/mile

Resis
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ohms/
mile

Ampa
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(amps)

Load
Break
Elbow
Rating
(ampsJ

Note that the conductor replacement beyond the first becomes irrel
evant in determining the first replacement load. The result is also
independent of the load growth rate or the initial load.

#2

24156

3.606

180

200

2.3

1/0

26088

2.255

235

200

4/0

29438

1.130

350

200

500

36975

0.458

545

600

7 50

39616

0.301

650

600

ECONOMIC SIZES

Once the replacement loads for all conductor sizes under consideration
are calculated with respect to all the other available cable sizes, the
conductor sizing decision can be carried out by choosing the initial
size cable such that it (together with all its subsequent changes) will
result in a minimum present worth. Present worth of the costs for
serving the load starting with cables 1 or 2 are compared and a break
even load is calculated. This is an initial load at which the present
values of the relevant costs are equal for these conductors. At initial
loads above this break-even load, the larger cable should be used and
at smaller initial loads the smaller size conductor is the proper choice.
Following a similar formulation as in above, the present worth of the
cost difference between conductors 1 and 2 is:

System length = 1 mile, a = 0.1433
r = .1065, CF = .58, Loss Factor = .232
DC = 474 $/KW, EC = .0081 $/KWH

T
dwi , 2 ■ (W

+ /0 1 [a < W

TABLE I

+ I 02 e 2 s t ( Br v ] e ' rt:dt +

DATA USED IN NUMERICAL EXAMPLES
(A,-A.) e~rTl

^ 1

^ e - mrL

m=0

Note that Tj is the replacement time already calculated above. Sub
stitute for T j and multiply through by r to get an equivalent expres
sion in terms of annual cost difference. Then if (r/2g):
dXl ,2 = (A 2-A i M a+r) + |j(A2-A1)(a+r+

) +

2 Rl2(Bl-B2 )ln £ ] ( £ )

O -J

1

a function of the initial circuit currents at different load growth rates.
The horizontal dashed lines are ampacities associated with different
cable sizes - - ICPEA publication, “Power Cable Ampacities, Vol. II
Aluminum”. 15 kV concentric neutral conductors with 175 mils of
cross-linked polyethylene insulation cable are considered. Average soil
resistivity of 90 RHO, ambient temperature of 20°C, and a 75% LF are
assumed. Tile cut-off points are found by finding the intersection of
these lines and the load growth curves.

for r = 2g
dX

1,2

(A2-Al)(a+ r ) + l
z 1

(A2“A1)(a+r+

l W V
2e-r
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Note that these expressions cannot directly be set equal to zero and
solved for the break-even load. The solution can be obtained by either
trial and error or using numerical techniques. Also note, that the
results obtained above were based on the simplest case involving the
least mathematical complexity. If other alternatives are considered
(such as variable growth rate, or time dependent costs) no closed form
solution can be found for even this rather simple option. Solutions,
however, can be obtained using a large digital computer.
Similar mathematical models have been developed for other options.
Additional options can be considered if such options are seen to
represent realistically a practical conductor sizing alternative.
3. RESULTS AND CONCLUSIONS
3.1 TYPICAL RESULTS
The following presents numerical examples and typical results based on
the models developed. The data used for these calculations (given in
Table I) are the average values for a selected number of utilities inter
viewed. The underground distribution circuits considered are typical
of those serving a residential load in a new development. Unless other
wise indicated a zero inflation rate is assumed throughout.

Figure 1 represents traditional cable sizing decision based on currentcarrying capacity. Final currents in a given UD circuit are plotted as

Figure 2 represents the economic cable sizes for the same set of cir
cumstances. Results are based on option 1, i.e., a large enough cable
is installed initially so that it will carry the load throughout the useful
life of the installation. The curves shown are the locus of the break
even points where there is no cost differential between two different
size cables. If a point falls to the left of a given curve, the smaller size
cable is most economical, and on the right-hand side of the curve, the
larger size cable should be used.
Now, if a given utility stocks # 2, 1/0, 4/0, 500, and 750 kcmil size
cables for its Primary UD use, a comparsion of Figures 1 and 2 indi
cates that the economic size of the cable chosen for a UD circuit is
drastically different than that based on its ampacity. For example,
whereas a 4/0 cable is indicated (at a growth rate of 4%) up to 87
amperes of initial load in Figure 1, Figure 2 would specify a 750 kcmil
size cable for these conditions. If such a large size cable is not used for
this circuit substantial economic penalty would result.
In the above examples a constant load growth rate was assumed to per
sist throughout the life of the installation. In a UD circuit serving a
new residential development, however, it is more likely that the loads
will grow for a certain number of years and then level off. Therefore,
a step function growth rate (single step) is next considered.

If t

7 years

G(t)

- g0

If t >

7 years

G(t)

- 0

where the seven year time interval is arbitrarily selected. Results are
presented in Figure 3 (traditional sizing) and 4 (economic sizing in
accordance to option 1). Here again, the economic cable sizes are
drastically different than those based on cable ampacities.

during the 35 year assumed life of the system.

In practice, the allowable current in a given UD circuit is often limited
by the ratings of the load break elbows (200 amps and 600 amps).
Some utilities, therefore, have selected 1/0 size underground primary
cable as standard for all circuits with a 200 amps load break elbow.
Using an initial growth rate of 6 percent, Figure 3 indicates an initial
cut-off current of approximately 131 amps. Above this value the final
current in the circuit would be above 200 amps within the first 7 years
of energizing the circuit and a load reduction or additional circuits
would be required. For economic operation, however, the cut-off
initial current is only 47 amperes, i.e. using the I/O cable in circuits
with larger initial currents would result in economic penalty; larger
size cables should be used, (Fig. 4).

Examples presented (and others) lead to the following general obser
vations:
Economic cable sizes are generally larger than that dictated by
cable ampacities.
Higher demand charges and/or energy costs lead to larger cable
sizes.
Higher initial costs (e.g., unusually high plowing or trenching
costs, etc.) lead to smaller cable sizes.
Large inflation rates lead to larger cable sizes.
The specific cable size to be used in given utility company’s under
ground distribution circuits will depend on file applicable economic
data, the choice of the distribution option, as well as the number of
cable sizes that the particular utility ordinarily stocks. The tool pro
vided by the models developed is designed to apply within the limits
specified by a given utility company.

Most utilities, however, shy away from stocking many different sizes of
cables. Considerations of a manageable inventory and a desire for
standardization places strict limits on the number of cable sizes that
one can practically stock. Some utilities standardize on only one or
two cable sizes. In those instances, frequent addition of UD circuitsand new substations-- become necessary (as seen by the above ex
ample). Options 2 througli 6, discussed in the main text, and others to
be added, are designed to establish the economic scenario for these
changes.

3.3 FUTURE WORK
The analysis presented only covers single phase cables. This analysis
should be expanded to include three-phase circuits. In connection with
three-phase circuits, care must be exercised to account for the changes
in the apparent resistance of the system due to the inductive
currents*^’’ ). This introduces an extra variable Re (resistance) in the
mathematical model. Strictly speaking Re = Re„ + Re(I); the resistance
is a function of the current in the circuit.
It follows that
Re = Re0 + Re(I0etGW ), i. e., the conductor resistance can be ex
pressed in terms of “time”, the universal variable. Therefore, at least
in principle an investigation involving a variable cable resistance can
be carried out.

Figures 5, 6, and 7, for example, demonstrate the results based on
Option 5. Figure 5 presents the results if constant load growth rate
is assumed. The cable sizes so chosen are the initial size cables. These
cables would then be paralleled with other cables at their replacement
times. These replacement times and the cables to be paralleled at
such times are not presented (for brevity) but are calculated by the
model at each initial load and load growth rate. Figure 6 presents
similar data for the case where a step function load growth rate is
assumed. The applicable growth rates are the same as those defined for
Figure 3. In Figure 7, on the other hand, load growth rates are con
stant but an annual inflation rate of 10% is assumed.

Another area of interest which warrants investigation is the effect of a
voltage level change on the system economics. Distribution voltage
changes become necessary for a variety of reasons. One such motive
for a line voltage increase may be excessive loads in the distribution
system. It is felt that if the line voltage increased, proportionately re
ducing the current (for the same transmitted power), the unsafe op
erating conditions can be corrected. Additional investment in trans
formers and switchgear will obviously be involved, but no major reconductoring is necessary. Though such arguments are usually put forth in
conjunction with bare conductors in overhead distribution applications,
an economic analysis of the effect of the UD circuit voltage level upon
the system costs should be carried out. It should be noted that initial
costs here will include major contributions from the cost of trans
formers and of the switchgear.

Though some differences do exist (e. g., use of cable size 500 kcmil
is completely ruled out in Figure 7), the results shown in Figures 5,6,
and 7 are by and large similar. This similarity in the break-even curves
within one option is not surprising since such curves only depict the
initial size conductors.
Significant differences in the applicable
replacement loads (and/or times) may exist. A plot of the total present
worth of the installation (at a single growth rate of 8 percent) shown in
Figure 8 clearly demonstrates the differences. Curve B shows the total
present worth of a primary UD cable installation to serve a load of I0
initial value and 8 percent annual growth rate. Curve C is a similar
plot but pertains to the case where the growth rate is 8 percent for tile
initial 7 years but drops to zero at that time. Though similar initial
size cables may be used (Figures 5 and 6) the cost differential shown
demonstrates the dissimilarity and is largely due to reduced power
losses. Furthermore, Curve A in Figure 8 represents the total costs if
traditional cable sizes were used. The large dollar savings (especially
at higher initial loads) demonstrate the utility of the models presented
here.
3.2

Additionally, the analysis could easily be expanded to include over
head distribution lines. Different cost items will be involved, and
other options may have to be considered, but the genera! technique
developed could easily be expanded to select economic overhead dis
tribution conductors.

CONCLUSIONS
Finally, one may wish to examine the cost comparison between dif
ferent metals, or different purity alloys o f the same metal, as the elec
trical conductor. The variables involved will be the initial cost of the
UD cable, and the cable resistance. A cost comparison should be
carried out to identify whether or not use of a super purity alloy, or
a more conductive metal as the electrical conductor is economically

Results presented in the above examples clearly demonstrate that the
economic UD cable sizes are drastically different than those arrived at
based on their current-carrying capacities. This conclusion is applicable
regardless o f the distribution system option considered, or the dif
ferent load growth rates, inflationary patterns or cost parameters
included in each option. A comparison o f Curves A and B o f Figure 8,
for example, is indicative of the magnitude of the savings which may be
realized. Furthermore, since these dollar savings are mostly due to the
reduced cost o f the power losses, it can be effectively argued that
economic cable sizes (so chosen) lead to energy conservation. The
energy conserved in the above example (for initial UD circuit load of
50 amperes) may be estimated to be approximately 10G KWH/year

justified.
It is hoped that this study, once completed, will result in a compre
hensive computer program, enabling a utility company to make cable
sizing decisions using data particular to such utility companies. Ave
rage data, gathered through utility surveys can be used to arrive at gen
eral guide lines which will also be made available for quick reference.
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RAIL TRANSPORTATION SYSTEMS - THAT HELP
US MEET OUR ENERGY REQUIREMENTS
Alvin J. Hurt, Jr.
Ortner Freight Car Company
Cincinnati, Ohio

Abstract
In direct relation with Economics of Energy, Energy and Power
Systems, and Energy Management is transportation of potential
energy. Within the scope of the United States energy movement,
the railroads play and will continue to play a vital role,
since coal is our major energy source for the present as well
as for the future.
The only way these huge amounts of coal can be moved over our
railroad network is through the establishment of a "System's
handling of bulk material,
Approach to transportation a
This paper will discuss these
pected improvements.

ting systems as well as ex

This paper today will deal with a very
vital and integral part of the total
energy picture - the transportation of
potential energy or as it is better known
today - coal.
I'm sure there is no doubt
in anyone's mind that the United States
has vast deposits of coal, both in the
Eastern and Western regions of our coun
try. There have been lengthy papers
given on that subject alone, so I willnot
discuss that point.
I just want it
clearly understood the magnitude of our
coal deposits. An easy way to impress
this fact on everyone is through a simple
fact:
"In one area of our country in
the Western section, there is enough
known coal reserves to supply the present
energy needs of the United States for
over 300 years." Can you imagine, that
is just the known reserves in one area.

deposits of this potential energy or coal,
a way must be found to transport it to
generating plants in order to convert it
into usable energy.
This cannot be just
a^ way to transport coal but it must be an
efficient and economical way.
There are several transportation schemes
for moving large volumes of coal to mar
kets: railroads, barges and slurry pipe
lines.
This paper will deal with meeting
these transportation requirements based
on efficiency and economy through rail
roading.
I am not going to discuss barges or our
inland waterway systems for they do not
serve, and are not capable of serving,
the majority of our generating stations,
since most stations are not located on
navigable barge waters.
In the event a
plant can be constructed to take advan
tage of our water systems, this is

So now that we have established that the
United States does have tremendous
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description of the system is dictated by
the unloading procedure.

certainly an economical method, providing
no trans-loading takes place while the
coal is enroute.
If this situation
exists, the competitive situation changes
quickly.

The two systems are: Rotary Dumping,
(Figure 1), in which the car is picked up
and rolled over to empty the car and
Bottom Unloading, (Figure 2), in which
the car can be unloaded through the bottom
without ceasing motion.

Slurry pipelines will not be discussed
for two reasons. First, I personally do
not feel, based on environmental, econo
mical and energy reasons, that they are
best for our energy program. Second, as
of this writing, the United States Con
gress has not passed the right of "Eminent
Domain" for slurry lines and until this
is done, there is no way these proposed
pipelines for handling Western coal can
be built.

Loading: In the majority of unit train
operations involved in coal hauls, the
loading takes place in a similar fashion.
Each train is flood loaded while moving
at approximately 1/2 mph. There are
several 'ways this flood loading can take
place but they all accomplish the same
goal by applying the same basic principal,
fast loading from some sort of stockpiled
area.
It takes 2 to 2 1/2 hours to load
a train of one hundred (1 0 0 ) 1 0 0 -ton
cars, no matter the car type.

Now, after that digression, I would like
to get back to my first statement on
transportation schemes involving rail
roads.
Railroads are and will be that
vital link between mine and plant. Some
people express concern that the railroads
cannot grow fast enough to handle the
growing coal market; this statement is
not valid.

Unloading: The current design of rotary
dump system usually includes a train posi
tioner. A fully loaded train arrives on
a loop track, railroad locomotives do
initial car spotting, then the positioner
takes over. Control and movement of the
entire train are handled automatically by
the positioning system. After each car
is spotted, the train is locked in posi
tion for dumping sequence by truck re
straints. The car dumper performs the
integrated sequence and clamps the car on
rail plates, rotates it up to 180°, dumps,
returns to original position, releases
clamps. All of this is done without un
coupling since most modern rotary trains
are equipped with rotary couplers.
This
positioning/dumping sequence continues
until the train is empty. Equipment
suppliers cite times of 2 minutes per car,
four hours per train.
This system is
shown diagramatically in (Figure 3).

Let's look at a few facts on this matter.
The railroads have time and time again
demonstrated a built in surge capacity
to meet its demand. At one point during
World War II, railroads were handling
twice as much freight and four times as
many passengers as they were in pre-war
times.
Railroads are no different than
any other business, if there is a demand,
the only way to meet it is with supply.
There definately is a demand to transport
coal now and in the future, and I can
assure you that the railroads, through
the establishment of a "System's
Approach", can and will meet this trans
portation demand efficiently and econo
mically .

The above mentioned system is a good
method for handling coal but in my opinion
the bottom unloading systems offer many
more advantages.
The most recent in
stallations of bottom unloading systems
use the self-clearing Rapid Discharge
design of car equipped with an automatic
door activating system that permits un
loading while the train is in motion.
Cars empty into either an undertrack
hopper or a space beneath a trestle.
In
the latter case, the space beneath the
trestle doubles as "live" storage area
reducing the coal handling requirements.

The balance of this paper will discuss
some of the "Total System" concepts
being applied by railroads in coal
handling.
First, we must remember that in any
system for coal handling, a cooperative
effort must exist between the mine, the
railroad and the user.
If any element
in this organization fails to perform,
the system fails. There are basically
two methods of transporting and handling
coal by rail that work within a "total
system" approach.
The type of car and
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(FIGURE 1)

DIAGRAM OF A ROTARY DUMP OPERATION

(FIGURE 2 ) DIAGRAM OF A TRESTLE UNLOADING IN MOTION SYSTEM
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(FIGURE 4 )

GEORGIA POWER COMPANY'S PLANT BOWEN UNLOADING A . 7000 TON TRAIN IN
20 MINUTES
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(Figure 4) shows a schematic of one of
these installations.

100-ton cars/day. These trains travel
an 800 mile round trip distance in around
50 hours - this includes loading and un
loading .

Trestle length depends upon the amount
of live storage desired. For efficiency,
the area should hold a full train load;
usually, several trains can be accommo
dated.
This provides unloading capacity
even if the belt system is inoperative,
a feature not available when undertrack
hoppers or rotary dumpers are used.
Further, this permits handling several
trains one after another with minimum
delay.

As each train enters the plant property,
travelling around the loop track, as seen
in (Figure 4), it slows down to 5 mph
by the time it reaches the beginning of
the trestle. Then, as the train passes
over the trestle, the doors on the cars
are signalled automatically to open and
discharge the coal. After the car is
empty, the doors are signalled closed.
The entire 70 car train is unloaded in
15 - 20 minutes without stopping.

There are several variations using the
"unloading in motion" system that can be
obtained.
The varied design and con
struction would depend on individual
needs and restrictions.
I would like to
briefly discuss several of these bottom
unloading trestle systems.

One of the big advantages in this type of
system over other systems is the labor
savings. It takes one man from the power
plant to unload this train and as you can
see, it does not take too much of his time.

Georgia Power's Plant Bowen is an excel
lent example.
This is a 3200 megawatt
generating facility with a burn rate of
approximately seven million tons of coal
per year, or four trains of seventy (70)

(FIGURE 5)

A similar system is used by Southwestern
Public Service in Amarillo to receive
their coal supply.
(Figure 5) The un
loading set-up is basically the same as
Georgia Power's but the type and distance

TRESTLE UNLOADING AT SOUTHWESTERN PUBLIC SERVICE COMPANY'S
HARRINGTON STATION
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travelled by the coal is very different.
They burn Wyoming coal and bring it approx
imately 1 0 0 0 miles one way. In this oper
ation, they unload a 1 0 0 car unit train
of 100-ton cars in 20 - 30 minutes with
out stopping and, again, with a one man
crew.
Another example of a trestle application
is at American Electric Power's Muskingum
Electric Railroad in Zanesville, Ohio.
Here a fully automated system exists.
They have two 15-car trains of Ortner
Rapid Discharge bottom-dump cars and two
computer run locomotives. The entire
operation is set-up on a computer system.
Each train shuttles the 36 mile round
trip distance six times/day - 5 days/
week. As one train is being loaded, the
other is moving toward the trestle for
unloading. When it arrives at the
trestle, the train automatically slows
down and while crossing, unloads the
cars automatically.

(5) Time - Saving minutes or hours,
time is valuable.
I would now like to briefly describe a
few operations that utilize the bottom
dump car in an "unloading in motion"
system where they were not able to take
advantage of a trestle. At Iowa Public
Service, they unload their automated cars
over a single hopper and immediately con
vey the coal from the hopper to make room
for the next car load. Railroad locomo
tives pull the train over the hopper at
approximately 1/4 mph while the doors are
automatically signalled opened and closed.
Union Electric (Figure 6 ) uses two large
undertrack hoppers built back to back for
receiving their coal and a quick takeaway
system. Similar as above, the railroad
locomotives pull the trains over the
hoppers at approximately 1 / 2 mph (faster
due to the two hoppers) and unload a 1 0 0
car train in approximately 2 1 / 2 hours.
With both of the hopper/bottom unloading
systems mentioned above, they still obtain
conservation of labor and equipment, ease
of operation and time savings, along with
other advantages and efficiencies. However,
they cannot achieve "live" storage which
is a big advantage, both economically
and physically. In a hopper system, the
restricting factors become the size of
hopper and the speed and capacity of your
takeaway system -- not the speed and abil
ity of the cars unloading.

This 30 car operation in a year's time
delivered over five million, tons of coal.
We know of no system that can compare
with this or the previously mentioned
ones.
In summary of bottom dump/trestle
systems, I would like to summarize the
advantages:
(1) "Live Storage"- This means that
the coal ic moved from under the
trestl.e directly into the power
plant bunkers. No double handling.

There are many ."unloading in motion"
systems scattered around the United States
and now in South America. They involve
movements from 18 to 1800 miles in one
way distances and take place in and under
every imaginative weather condition, from
the extreme cold of North Dakota and
Denver, to the heat of South America.

(2) Conservation Of Labor - When the
power plant has to furnish only
one man to unload a 1 0 0 car train,
that speaks for itself.
(3) Conservation Of Equipment - The
railroad is furnishing the power
to move the train through your
property. This means you do not
need to furnish the motive power
or something comparable.

Each time a new "unloading in motion"
system is constructed, changes are made
based on experiences drawn from previous
installations but, the original Concept
is retained, fast, efficient and economi
cal coal handling. The "unloading in
motion" system is still relatively new
having been developed in the last decade,
and the Ortner bottom dump Rapid Discharge
car (Figure 7) which forms the basis of
this system, has been tested and proven
only since 1963. But, I can assure you
that this "unloading in motion" system.

(4) Reliability - No matter what time
of day or night the train arrives,
you can always unload the train.
With an undertrack hopper arrange
ment, you might have to hold the
train until you can clear or repair
the hopper, dumper, belt, etc.
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railroads can and will meet the energy
transportation requirements of the future.

whether using a trestle or a hopper, is
the m o d e m system for now and the future.
And with these types of systems, the

(FIGURE 6)

(FIGURE 7)

HOPPER BOTTOM UNLOADING SYSTEM AT UNION ELECTRIC'S LABADIE PLANT

ORTNER "RAPID DISCHARGE" BOTTOM UNLOADING COAL CAR
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AN ANALYSIS OF OPTIMUM LOADING CONDITIONS FOR P-N JUNCTION SOLAR CELLS
R. C. Durbin
J. A. Counsil
(Unattached)

ABSTRACT
An analysis of the voltage-current characteristics of a p-n junction solar cell
yields an expression for the load resistance at which maximum power transfer
occurs. Variations in the parameters which affect the maximum power transfer
point are discussed. A means of matching the load to the internal solar cell
resistance is explained. Application of the matching system to Electrolysis
Cells is discussed.
INTRODUCTION

I = qg L-I

exp(qV/KT)-l

where

(1)

internal resistance of a p-n junction solar cell

I0=qgL’
q = electronic charge

varies.

gQ= generation rate due to incident photons

Under varying lighting conditions the (apparent)
Connection of a fixed load results in, at

most, a single operating point at which maximum

g = thermal generation rate

efficiency occurs.

K = Boltzmann's constant

The net effect of the mismatch

at all other operating points is a reduction of

T = temperature (°Kelvin)

the efficiency of energy transfer to the load.

V = voltage across the junction

Use of a variable load resistance and appropriate

L and L' have the units of diffusion length.

control circuitry constrains the solar cell to

Neglecting losses and holding temperature constant,

its maximum power point for all useable operating

it is seen that as the light intensity changes,

points.

the qgQL term changes in direct proportion to
light intensity.

ANALYSIS OF VARIATIONS IN THE SOLAR CELL
MAXIMUM POWER POINT

This does nothing more than

offset the exponential curve by the value of
qg^L.

INTENSITY AND TEMPERATURE EFFECTS ON V-I CHARAC

change.

The shape of the curve itself will not
(Fig. 1)

TERISTICS
Somewhere along the characteristic curve, there
In an ideal solar cell, the voltage-current char

will occur an operating point at which maximum

acteristic is described by the following func

power available will be delivered by the solar

tion’*':

cell.
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The characteristic resistance, R

, of the

a change In light Intensity, there is a correspon
ding change in R . Also, for a small change in
mp
&
V > there will be a gross change in R . It is
mp
°
mp
seen from equation 2 that R is a function of
mp
IQ (which is a function of temperature), and a
function of temperature T itself.

(Fig. 3)1

solar cell at the maximum power operating point
is found by taking the derivative of the voltage
with respect to the current at that point.

Of

course, maximum power transfer occurs when the
The development of
load resistance equals R
mp

R follows :
mp
1/R = dl/dV = qIQ/KT

exp(qV/KT)

Therefore, at the maximum power point where

EFFECT OF CHANGE IN INTERNAL RESISTANCE

V =V
mp

The Internal resistance is made up of two compon

R. = R = KT/ql
exp(-qV /KT)
(2)
1
mp
0
mp ^
From the equivalent circuit? (Fig. 2), it is also

ents:

Rs and Rsh.

(Fig. 2).

The shout resist

ance Rsh is usually sufficiently small to be

seen that R = V /I
for the case where
mp
mp mp
V = V and I = I .
mp
mp

neglected which will be done here.

The series

resistance Rs is due mainly to grid structure
effects, and may not be ignored.

Is©

3LRj

An increase in Rs will not affect the open circuit

IDEAL

voltage Voc, but will lower Isc, and the cell operating voltage and current, Vmp and Imp.

Fi$.2

non -ideal

Vac

For example, let's assume that the incident light
energy changes by a factor of ten.
V

In this case,

/I
will change approximately by a factor of
mP mp

ten since I changes by a factor of ten.

Also,

the expression KT/ql exp(-qV /KT) dictates that
r
o
mp
V must change by .06 volts for equation 2 to
mp
equal V /I . Therefore, it is shown that for
mp mp
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(Fig 4)

3

F ie .6

SUMMARY OF EFFECTS

The above agruments show that with any change in
operating conditions, there are several parameters
which may change the voltage-current character

L

istic of the solar cell, thus changing the
maximum power point resistance R

. A composite

expression for R
is given:
mp
R = R.
R
mp
jmpt s
DEVELOPMENT OF OPTIMAL LOADING SCHEME

YfVe# y

CHARACTERISTICS OF ELECTROLYSIS CELLS
As a first step in developing an optimal loading

The generalized equivalent electrical circuit for

scheme using electrolysis cells as the load, a

electrolysis cell is indicated in Fig. 7a:

discussion of some characteristics of the
electrolysis cell is in order.

4

Figure 6 de

scribes the typical non-linear V-I characteristic
of an electrolysis cell operating in the first
quadrant.

Two points may be defined on the V-I

curve, indicating the minimum and maximum current
levels for a cell operating under normal condi
tions.

The minimum current point is just above

the knee of the curve; operation of the cell at
currents below this coordinate will not result in
generation of electrolysis products.

Fi6-7a.

On the other

hand, exceeding the current defined by the upper
2

limit results in unacceptably large I R losses in

When the electrolysis cell is constrained to

the cell.

operation within a relatively narrow region along

An operating point is chosen, between

the upper and lower limits, which satisfies the

the linear portion of the curve, the model simpli

electrolysis cell efficiency requirements.

fies to Fig. 7b,

current at the operating point is I
Once I

The

.

is chosen, a single unique value for the

cell operating voltage, V

, is also defined.

Similarly, the tangent to the V-I curve at the
operating point describes a value for the apparent
cell resistance, R^ .

Fi6.7b
where VQ. is the cell cutin voltage.
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o

The simplest model occurs when the cell voltage
and current confined to a single operating point
are the model which results from this constraint,
shown by Fig. 7c.

F\6.8 b

When the electrolysis cell is constrained to
operation at a single point, the model describing
the cell as a fixed resistance, R^', is valid

ARRANGEMENT OF SOLAR CELL ARRAY

and will be used from this point on.

Examination of solar data for a geographical area

ARRANGEMENT OF ELECTROLYSIS CELLS

of Interest results In a figure for average daily

It Is assumed that the system designer has an

solar irradiation.

average gas product yield which must be met.

array, the arrangement of which was arbitrary once

Having previously chosen an operating point for

the total number of cells was determined, the

the electrolysis cells, which corresponds to a

configuration of solar cells in the 's' by 't'

certain gas generation rate, the minimum number

array is fixed.

of cells that will meet the required generation

chosen to satisfy the energy requirements of the

rate is determined.

electrolysis cell array at its operating point,

The arbitrary arrangement

Unlike the electrolysis cell

The dimensions 's' and 't' are

of cells into an array of series-parallel con

knowing the electrical generation rate of a single

nected elements determines the electrical char

solar cell for this amount of radiation.

acteristics of the array.

Recall that the maximum power point voltage for a

For example, in a

string of 'm' series connected cells (Fig. 8),
cell current remains I

solar cell is V , and current at the same point
mp
. At all light Intensities, the following

but the array voltage is

is I

now mVeo . Further, if 'n' series-connected
strings are arranged in parallel to form an array

conditions must be met for optimum efficiency in
energy transfer:

of dimension 'm' by 'n', the current requirement
becomes nl^ (Fig. 8b).

tl = nl
i
mp

The product mn is the

sV = mV
i
mp

minimum number of cells which was determined
earlier.

(NOTE:

In mose cases, the 'm' dimen

sion will be equal to one.

When this condition exists, maximum energy trans

The exception is

fer from the solar cells to the electrolysis cells

the case in which 8, parallel-only arrangement

occurs.

results in unacceptably large values of current.)

matching will not occur.
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At any other light intensity proper

EXPANDED ELECTROLYSIS CELL ARRAY

cost-effective.

A means has been shown for insuring that for

the permanent test-cell load resistance, then

average light intensity, maximum energy transfer

for a load corresponding to an array of 'm' by

occurs between an array 's' by 't' of solar cells

'x' electrolysis cells, the value of

and 'm' by 'n' electrolysis cells.

is chosen to represent

is

Efficiency

is desired at all values of light intensity,
however.

If

Similarly, each series string of electrolysis

Under the condition of maximum light

cells has an analog in a fixed resistance desig

intensity for the area of the solar cells, the
amount of current which the cells are capable of

nated

which may be connected to the test

cell.

is described by the equation

delivering, at their maximum power point, far
exceeds the current available at minimum inten
sity.

“v l - i Y*

From equation 1, a value for solar cell

In this manner, the test cell may be loaded by

current at maximum light intensity, and at the

the resistors in exactly the same manner as the

maximum power point, may be determined.

solar cell array is loaded by the electrolysis

The dif

ference between the maximum power point current,

cell array connected to it.

Imp , at maximum light
intensity and Imp at mini°
mum intensity may be divided by 1^. The result

of the analogous relationship is that optimal
matching between the test cell and load resistors

will be a number, 'p', of additional series

coincides with an optimal match between the

A necessary result

strings of 'm' electrolysis cells which satisfy

solar cell array and a unique combination of

the requirements for maximum energy transfer.

electrolysis cells.

Thus an array of 'm' by ('n'+'p') electrolysis

The mechanism for determining the optimal loading

cells will result In optimal matching at maximum
light intensity.

condition requires the measurement of the test

The major cost of optimization

cell output voltage and output current, which

may therefore be measured by the expense of the
additional 'm' by 'p' electrolysis cells.

may be done conveniently.

A

The product of V and I

also easily obtained, is the power delivered to

noteworthy point is that for 'p' large, operation

the load resistors.

is close to optimum at nearly all values of inten

Periodically, a routine is

started which measures the power delivered by the

sity; as 'p' decreases, the number of operating

test cell to the load as the load resistance is

points at which operation is optimal also de
creases .

decreased, in steps, from maximum resistance

For a normal operating temperature range, the

sistance (all load resistors in parallel).

change in V

(permanent load resistance only) to minimum re

for solar cells is neglibible.

At the point at which the test cell output power

Adding more elements in series to achieve voltage

decreases, the maximum power point has been

matching is cost effective only for systems where
'm' is very large.

passed.

SOLAR CELL-ELECTROLYSIS CELL MATCHING

proper load combination is determined for the

The method chosen for determining the proper num

test cell, the one-to-one correspondence be

ber of (series-connected) strings of electrolysis

tween the test cell-resistance combination and

Therefore, the previous load combination

represented the optimal load match.

Once the

cells to be connected to the solar cell array re

the solar cell-eloctrolysis cell arrays indicates

quires the designation of a single solar cell as

how many series-connected electrolysis cell

the test cell.

strings should be parallelled to approach optimal

A permanent load is connected to

the test cell, representing the smallest array

loading and maximum energy transfer.

of electrolysis cells for which optimization is

sary changes in electrolysis cell array size may
be performed automatically.
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COMPUTER AIDED

DESI G N

OF A C O N T I N U O U S

DUTY E N E R G Y

SYSTEM

Andrew H. P. Swift Jr.
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Abstract
In many areas of the United States, the average monthly solar and
wind energy density profiles complement each other, which suggests
utilization of a power system that employs both solar and wind
energy.
This paper addresses the problem of identifying these
areas from weather data, developing a computer-aided method for
the design of such combined solar and wind systems, and examines
the economics of combined systems as compared to solar or wind
only systems.
1.

INTRODUCTION

on the other hand, must be handled by

It is well known that both wind and solar

either designing the system for the

energy are phenomena that exhibit charac

seasonal minimum or devising a long term

teristic variable patterns.

storage technique that can produce excess

At any

specific locality, the wind and the sun

energy during periods of maximum energy

exhibit characteristic short term (one to

density, store it for several months, and

four days) and long term (seasonal)

allow consumption during periods of

variations in their energy density pro

minimum energy density.

files.

either choice are evident.

Figure 1 illustrates the long term,

The problems with
The first

requires a system design based on the

seasonal variations for St. Louis, Missouri.

minimum energy density, which means sub

Since energy demand patterns seldom
coincide with either wind or solar energy

stantial system over-design and added

density profiles, energy systems intended

expense, and the second requires a long

to utilize these sources must be designed

term storage facility which is usually

to compensate for these variations.

quite large and expensive.
An interesting approach to the problem was

Presently, most solar and wind system

suggested several years ago by researchers

designs use some form of energy storage

at Oklahoma State University (Figure 3)

device, either electrical batteries, or

who proposed a power system based on the

thermal storage in the form of tanks,

fact that in many localities, especially

pebble beds, or eutectic salts to supply

the mid-western regions of the Continental

energy during the short term energy
deficits.

United States, the solar and wind seasonal

Long term, seasonal variations,

energy density profiles tend to complement
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each other.

This can be seen in Figure 2,

process a method has been developed that

where the solar and wind seasonal profiles

uses a phase plane to quickly determine the

from Figure 1 are combined.

relationships between wind and solar energy

In Figure 2,

the solar energy density is reaching its

in a given area.

minimum while the wind energy density is

easily adapted to the computer, for those

approaching its maximum.

cases where large amounts of data must be

In addition, the

The method is simple,

wind energy density is reaching its

handled, and uses data that is readily

minimum, shortly after the solar energy

available from routine weather observations

density has reached a maximum. With this

If one were to construct a graph whose

observation in mind, it seems reasonable

abscissa was the normalized monthly average

to suggest an energy system that uses both

wind energy and whose ordinate was nor

solar and wind energy to supply energy

malized monthly average solar energy for a

continuously, without having to use either

given location, each month would then

long term storage or substantially over

determine a point on that graph.

size the system.

necting consecutive points, a closed curve

Thus it appears that in

By con

certain localities, a combined system, as

is generated which we shall call the

shown in Figure 3, may be more advantageous

"phase plot" for that locality.

than either a solar or wind only system.

evident that each locality will have a

Although the combined system may be indi

characteristic phase plot based on its

cated, to date there has been little

monthly average weather data.

research done to verify this point.

actual curve is approximated by an approx

This

It is

If the

paper addresses the problem, and specif

imate circular or elliptical figure, certain

ically deals with methods of site selection

information can be readily obtained.

for solar, wind, and combined power plants,

the figure is predominantly elliptical,

methods for the design of such plants, and

with its major axis oriented as shown in

sizing and economic comparisons between

Figure 4, the solar and wind energy have

solar, wind, and combined systems.

seasonal cycles that are nearly in phase

2.

with each other.

DESIGN

If

Note also that the ratio

defined by:
2.1

minor diameter
R - major diameter

SITE SELECTION

It was pointed out in the introduction

gives an indication of the exact phase

that in certain areas of the country the

relationship between the two energy sources

wind and solar energy density profiles

If R = 0, the phase plot is a straight line

complement each other, and that in these

of the form y = x + c, and the two energy

areas the use of a combined energy system

sources are exactly in phase.

might be indicated.

ratio R increases, a phase angle rela

However, identifying

As the

those areas is not a trivial problem.

tionship develops between the two sources

Because solar energy, and to a greater

until when R = 1 (a circle) the two sources

degree, wind energy, are locally dependent

are 90 degrees out of phase.

phenomena, one is not able to charac

other hand, a phase plot similar to that

terize energy density profiles by their

of Figure 5 is described, with the major

location alone.

In each case, the weather

If, on the

diameter along a line of negative slope,

data must by analyzed to determine the
nature of the energy density profiles for

the two sources are out of phase and they
tend to complement each other. A straight

that area.

line of the form y =-x + c would imply

In order to expedite this
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that the sources are 180 degrees out of

will be based on monthly values of wind,

phase.
As the ratio R, as defined above,
increases the phase relationship between

using the average monthly wind speed, one

insolation,

and energy demand.

Therefore,

the sources will decrease to 90 degrees

can calculate windpower available per unit

when R = 1.

area/?)

Thus we have seen that by-

Similarly, using average values

plotting monthly average local wind and

of insolation, one can calculate the solar

solar data on the phase plane, one can

power available per unit area/2 ) (Note

quickly determine whether or not a certain

that both the solar and wind power per

locality has complementary energy density

unit area values depend on the type of

profiles, and whether or not it may be

solar collector and wind turbine used.) If

suited for a combined energy system.

the average monthly energy load is divided

Figure 6 is the phase plot for St. Louis,

by the solar energy per unit area for the

Missouri, and is shown as an example.

month, the result will be the solar only

Note that the major axis of the best

area required for that month.

Likewise,

smooth curve drawn through the data points

if the average monthly load is divided by

results in an ellipse whose major diameter

the wind energy per unit area, the blade

has a negative slope and whose ratio R is

area for a wind only system is determined.

about 1/2.

Since both the solar area and blade area

Thus one would expect that

St. Louis has wind and solar energy

are very nearly direct linear functions of

density profiles that are complementary

the energy produced, a straight line

and are about 135 degrees out of phase. A

joining the solar only, SA value, and the

quick review of Figure 2 will verify this

wind only, BA value, will give the required

point.

'mix' to supply the average monthly energy

2.2

load.

THE "SA", "BA" GRAPH

See Figure 7.

If this process is

carried out for each of the twelve months
Having identified those areas where a

a series of straight lines will result.

combined energy system is indicated, it is

See Figure 8.

now of interest to determine what the
possible combination of the two energy

2.3

sources must be in order to supply a

Let us now define the controlling line, as

given load.

indicated on Figure 8.

The amount of energy

THE CONTROLLING LINE

The line, or

generated by both wind and solar con

series of lines that connects the maximum

version systems is directly proportional

values of SA and BA at the greatest dis

to the area of the respective system.

tance from the origin is called the con

In

other words, solar power is directly pro

trolling line for the design.

portional to collector area, and wind

on this line, including the endpoints will

power is directly proportional to the area

provide sufficient collector area to

Any point

swept by the rotating blades in a con

supply average energy for the entire year,

ventional wind turbine.

based on the demand model assumed.

Therefore, a

Since

method that determines the best 'mix' of

any point on the controlling line will

solar and wind energy will be based on the

supply all the necessary energy, it is

solar area required, SA, and the blade

evident that this line is the locus of all

area required, BA.

points of possible 'mix' of solar and wind

Let us begin the

methodology by constructing a graph with
blade area, BA, as the abscissa, and solar

energy systems that will satisfy the
energy load.
The final design choice will

area, SA, as the ordinate.

be a point somewhere on the controlling

The design
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line.

Determination of this design point

however, the 'best system', from an engi

will be considered in the next section.

neering point of view is the one that gets

A few points should be stressed at this

the job done effectively at the lowest

time concerning the controlling line as a

cost.

design line.

of this study, the term 'best' refers to

First, the controlling line

In other words, for the purposes

was formed using average values of solar,
wind and demand energy profiles. As a re

this definition of optimization, let us

sult, actual rated capacity sizing, based

now analyze the controlling line as

on instantaneous energy profiles, and

developed in the preceding section and

storage capacity sizing, based on periods

determine the point of minimum system cost.

the economic optimum system choice. Using

of less than average energy density, or

Every point on the SA-BA plane has

greater than average demand, will have to

associated with it some cost.

This cost

be determined by additional design methods.

is the sum of the wind energy system of

Also, it is assumed that the system is

the size BA and the solar energy system of

designed for each month's energy regime,

the size SA.

which will of course not be the case,

are connected, a series of 'isocost' or

since the system cannot be restructured

constant cost lines will result. Restating

each month.

this in another way, if one were to invest

The system must deliver

maximum energy during the controlling

If all points of equal cost

$X in an energy system, he could buy a

months (months that lie on the controlling

certain size solar system, another size

line), and operate at below design

wind system, or two systems that together

performance at other times.

will cost $X.

Lastly, it

should be noted that the system will

Connecting the SA and BA

points and all possible combinations for

produce excess energy during all but the

$X will also result in an isocost curve,

controlling months, where it should

namely the $X isocost curve.

operate at design performance.

these curves will not necessarily be

This point

Note that

will be addressed again in the section on

straight lines due to the economies of

economics.

scale of the systems.
3.

(The larger the

system, the cheaper the unit cost.) Also,

ANALYSIS

the curves will have discontinuities at
3.1

ISOCOST LINES

those points where the blade area exceeds

As pointed out in section 2, the con

that allowable for a single wind turbine,

trolling line is the locus of all points

and another turbine must be started.

that will supply the required collector

Figure 9 shows isocost curves constructed

area to satisfy an assumed demand model,

on the SA and BA plane along with the

and is in effect the design line for the

controlling line.

combined energy system.

evident that the point on the controlling

However, the

From the graph, it is

question as to which of these points on

line that intersects the minimum isocost

the controlling line will provide the

curve, is indeed the cheapest system (not

'best' design point is yet to be answered.

considering storage requirements) and will

The term 'best' is ambiguous here, since

be the economic optimum design point.

the best system may be the smallest, or it

3.2

LIMITATIONS

may be the one with the highest conversion
At this point, a few limitations should be

efficiency, or it may be the one which

noted concerning the use of the isocost

gives the most reliable system. Generally,

lines for design purposes.
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First, lines

of constant' first costs' are not suffi

system choices and localities to determine

cient.

the most suitable applications for a

In order to compare the systems on

an equal basis a yearly rate which

given system in a given area.

considers capital cost, cost of money,

(4)

Cost Functions: By changing the cost

depreciation, system life time, taxes,

of certain system components one can

operation, and maintenance should all be

determine cost sensitivities and see the

included.

effect of cost changes for those items.

Then, since each system, or a

combination of systems will supply a

From the above list of parameters , it is

given energy requirement over the year,

evident that the design method described

the cheapest yearly isocost line will
indicate the cheapest energy costs, which
is the quantity to be minimized.

Also,

above is quite general, and has a variety
of applications

in the design of solar,

wind, and combined energy systems.

one should realize that this method does
4.2

not take into account savings that may
result from combining systems, or as
mentioned above, storage costs and
requirements.

USING THE METHOD TO ILLUSTRATE THE
ECONOMIC ADVANTAGES OF A COMBINED
ENERGY SYSTEM

4.2.1

An Example

These costs must be
Having described the design method, and

considered with the value determined at
the design point.

its adaptability to the computer, let us

It should be noted that

now consider an example that will illus

when these costs are considered, it may

trate two things.

be advantageous to move from the initial
design point on the SA-BA diagram.

First the example will

demonstrate the method and the type of

These

parametric results that are obtained.

points are further discussed in section 5.

Second, by choosing models that reflect
4.

APPLICATIONS

actual systems, costs, demand, and
weather patterns, the example will confirm

4.1 COMPUTER AIDED DESIGN METHOD

the hypothesis stated above; that in

The energy system design methodology

certain localities, where the wind and

outlined above is well suited for computer

solar energy are complementary in their

adaptation since the entire method can be
defined mathematically.

seasonal variation, a combined energy

The objective in

system to supply a given demand is

using the computer and computer graphics

economically advantageous.

as a design tool is to make it possible
for the user to supply certain design

and demand model will remain constant, and

parameters and allow the computer to

weather data for different localities will

generate the SA and BA diagrams for those
set of parameters.

In this

example, the system model, cost function,

be used to confirm the savings of a

The parameters that

combined system in certain locations.

may be varied include:
(1) System Model: Different types of

4.2.2

collectors and conversion systems may be

The System Model

The system chosen for this example is

chosen to observe relative effects.

shown in Figure 10, and the reader will

(2) Location: For a given system design

note that it closely resembles the original

and demand model, one can determine

continuous duty system described in the

suitable sites by varying the solar and

Introduction.

wind weather data for various localities.

based on studies done by NASA and thei/1)

(3) Demand Model: One can match various

wind energy program, and from initial

85

The wind turbine design is

results of an experimental 100 KW turbine
located in Sandusky, Ohio.

described in Figure 11.

The solar

4.2.3

Cost Functions

thermal collector is based on the solar
tower concept that is being constructed

System cost functions were derived from

under contract by ERDA.*® It was felt that

available data on the systems from various
sources and are listed in Figure 12. (?s9 )

these two systems of energy conversion
would supply the most reliable design and
cost criteria.

4.2.4

The accumulator was

The load that is to be supplied by the

included to 'peak shave' during hours of

energy system described above is residen

maximum insolation, store thermal energy

tial energy load.

in the form of steam, and then convert

requirements for 40 suburban style homes,

This allows for reductions in

including the energy required for trans

rated size for the Rankine Cycle, and

portation requirements. (Excess hydrogen
(6)
will be used as auto fuel.)
The choice of

increases the plant factor and equipment
utilization factor.

It was assumed that the

power system would supply all energy*-5 )

the stored energy to electricity after
sunset.

Demand Model

One should also note

a community of 40 homes was arbitrary, and

that the system uses waste heat from the

not necessarily the optimum choice.

Rankine Cycle to supply thermal energy

Specifications for the demand model are

requirements for both heating and cooling.

listed in Figure 13.

Hydrogen generation and storage was chosen
as the means for energy storage.

4.2.5

Although

this is a fairly new concept of energy

Re suits

Using the system model, cost functions,

storage, it has been proven feasible*6),

and demand model described above, a

and has many advantages in this type of

computer program was written that reads

application.

local wind speed data, insolation data,

Hydrogen is colorless,

odorless, non toxic, and dissipates readily

and latitude of location, and will return,

in the event of leakage.

in graphical form an SA-BA graph with

When burned in

the H2 - O2 burner the combustion product
is water.

controlling line and isocost lines.

Since the system is desinged

Localities were chosen based on their

for waste heat utilization, it must be

respective phase plots, with emphasis on

located near its energy load, and for

those places where the phase plot indi

residential purposes, the fact that the

cated the solar and wind energy to be out

entire system is non-polluting is

of phase by at least 90 degrees.

essential.

14a and b show phase plots and computer

Also hydrogen has been shown

Figures

to be safe*6) , and storable in various

results for St. Louis, Mo., and Houston,

forms, as a gas, liquid, or in metal

Tx.

hydrides, and is useable as a synthetic
fuel.(6) Lastly, excess hydrogen produced

St. Louis and Houston illustrate quite
well the savings of a combined system over

during months of above average energy

a solar or wind only system.

As the computer results indicate,

Thus, one

production could be sold as commodity*6 )

may conclude that in certain areas for the

hydrogen, and in times of well below

models chosen, the combined, continuous

average energy production and increased

duty system is more economical than

demand small quantities could by purchased

either system alone.

to provide necessary energy.

The

5.

ECONOMIC FEASIBILITY

mathematical model for the system is
Having illustrated the economic advantages
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of a combined energy system, let us now

cons idered.

use these results to compute the total

6.

CONCLUSIONS

cost of energy produced by a solar only,
wind only, and combined energy system in

Using the computer aided design techniques

order to assess both an economic comparison

outlined in this paper, it has been shown

and the feasibility of these type systems

that a combined energy system may be less

for economical power production.

expensive in certain areas than a solar or

From

Figure 14a for St. Louis let us compute

wind only system.

the total annual system cost, and the

a continuous duty energy system is econom

It was also shown that

ically feasible, using the system models

energy cost.

outlined, to supply all energy needs for a
small community of 40 homes.

ArANNUAL SYSTEM COST, thousands of dollars
solar = $400 wind = $265 comb. = $202*
*reduced 2% by combin ing towers.

higher than conventional sources of energy,

From reference 1 hydrogen storage costs
for 10 MWh, which is approximately 2 days
storage for the residential demand model,
are. ..$ 300/KW (rated). This figure can be
modified as follows:
Wind Only - no modification-...... $300/KW
Solar Only - subtract 33% since storage
conversion device is included in system
cost-..............................$200/ KW
Comb ine d - subtract 33% as for solar, plus
10% for storage capacity reduction ..$170/KW
*Since the probability of a combination
of calm winds and cloudy days is less than
the probability of either individually,
the storage capacity can be reduced.

improved solar and wind devices, decreased
costs of these devices, rising fossil fuel
costs, a need

for greater energy indepen

dence, and the attractiveness of energy
systems that use renewable resources and
do not pollute will make the continuous
duty energy system a feasible alternative
in the forseeable future.
7.
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higher than present costs, is within
reason when future energy cost trends are
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FIG 4- Phase Plot,
in phase

FIG 2

FIG 3

Combined Energy Density, STL,Mo.

FIG 5

Phase Plot,
out of phase

FIG 6

See FIG 14a

OSU Continuous Duty Power System
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FIG 9

SA BA #3

CONTINUOUS DUTY SYSTEM for RESIDENTIAL POWER SUPPLY

FIG 10

The System
SYMBOLS

a„ =eff.cone.area divided
r
by nH2 .
E
conversion effic'ncy.
H
=tower height.
K
constant
k
=derating factor
p
=reflectivity
PF =power factor, derived
from NASA velocity
duration curves.
PR =rated power
RC =Rankine Cycle
Sn =normal beam insolation
averaged over one hr.
where n is the number
of hrs. from solar
noon. It's value
depends on day of the
year, latitude, and
cloudiness factor.
Average insolation,
rather than clear day
are used in calcul'ns.
SFCR=solar annual fixed
charge rate. 19%.
V
=average monthly
wind speed.
wlFCR=wind fixed annual
charge rate. I 8 f ° .
$ -- c o s t o f -- .
0
=fo heliostat coverage.
0
=field rim angle.

***

NOTE i

Due to space limitations these figures are simplified considerably,
and contain numerous assumptions too lenghty to specify here.
interested reader is encouraged to use the reference list.
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The

1

*5

in

FIG 14 a

FIG 14 b

9.

Phase Plot Houston
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THE DESIGN OF PASSIVE SOLAR HEATING SYSTEMS
Gordon L. Moore
University of Missouri-Columbia
Columbia, Missouri

The many facets of passive design are spelled out in a series of design choices.
Starting with the surrounding elements and their effects on the building's
energy uses, the procedure moves inward through the envelope, finally consider
ing the thermal dynamics of the structure and its construction materials.
1.

DIRECTIONS AND DEFINITIONS

rectly, and the active systems will include any
requiring pumps and other energy consuming device.
In addition, Mr. Hay's definition applies the term
passive to the many architectural design approach
es which not only maximize the sun's advantages in
winter heating, but also exclude the sun's unde
sirable effects in the summer overheating of the
structure.

To clear the air and delineate the direction the
paper will take, we need to spell out and agree
on just what we mean by passive solar heating. My
authorities for these definitions are the Dean of
Solar Scientists, John Yellott, and one of the
most successful advocates of passive solar heating
and natural (not solar) cooling of homes and build
ings, Harold Hay. It is important to note that
the terms active and passive are not mutually ex
clusive when applied to solar heating systems.

Mr. Hay is one of the first solar designers who
emphasizes this principle of duality in solar de
sign of structures.

The following are informal quotes from John
Yellott.

The antithesis of this common sense design ap
proach for solar heating when you need it is term
ed the "hardware-happy" approach. This all-toocornmon, simplistic approach neglects the duality
principle and begins with the assumption that step
one is to cover the roof with collectors. The
remaining steps are usually the additions of pip
ing, pumps, heat exchangers, tanks, automatic
controls, and other miscellaneous hardware, all of
which are seemingly required to make the system
work. For this type system, the public is not be
ing told about the short life of some of the most
expensive components. The laws of corrosion still
apply. An interesting question for some of the
liquid systems is this: What happens during a
brownout or blackout?

"A passive solar system utilizes the sun's radiant
energy for heating and natural processes for cool
ing, with only negligibly small requirements for
non-renewable energy.
"An active solar system utilizes the sun's radiant
energy and -nocturnal cooling processes, with the
aid of pumps and fans to circulate the fluids used
in the required processes."
Harold Hay's definitions of active and passive
solar systems are similar, with the distinction
being made "on the basis of whether or not the
thermal transfer is direct or indirect," i.e.,
passive systems will utilize the sun's energy di
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tion to space, diffuse light
ing, diffuse solar energy
Radiation heating (and over
heating), (nature's structures
do not overheat), drive for the
stack effect, produces wind
energy
Supplemental heating

2. THE PASSIVE APPROACH
In the same sense that providing winter comfort by
gas, oil, or electric heat does not require a new,
nationwide hardware industry to produce gas heat
ers, oil heaters, or electric heaters, most of the
technology for successful solar heating already
exists and most of the hardware needed for a pas
sive or active solar system is available now as
off-the-shelf items or can be fabricated on-site
by skilled labor or do-it-yourself homeowners.

(e) Sun

(f) Fire
4.

"An inevitable dualism bisects nature, so that each
thing is a half, and suggests another thing to make
it whole; . . . odd, even; subjective, objective;
. . . polarity; action, reaction; heat, cold, etc."
Ref. (1). Adapting this powerful principle to pas
sive solar design, we must consider solar energy as
a boon in the winter and as a bane in the summer.
The year-around designs should admit solar energy
when needed and reject it when not needed in summer.

The passive design described in this paper will
not be the purist type which considers the use of
any hardware as a contamination of passive prin
ciples, but instead will emphasize the architec
tural and environmental aspects, viewing the solar
design problem from the year-around viewpoint,
rather than just the winter heating problem. The
procedure will start with the environing, natural
elements, move inward through the envelope of the
structure, then consider the thermal resistances,
heat capacities and time lags of the structure and
interior masses. Once this has been done, and
done properly, the input areas for solar heating
can reduce down to about 20 percent of the floor
area of the structure!

In another sense, the best passive designs will
consider the problem as a divergent problem, as
opposed to convergent, simplistic, plug-in type
problems and their machine solutions. Most real
life problems are of the divergent type and will
involve trade-offs in the approach to their solu
tions. The al1-too-common convergent type solu
tions require very little thought and usually
neglect the duality principle. Ref. (2) gives a
useful exposition of divergent-convergent problem
solving.

The resulting solar heating systems will qualify
as passive in that they will make minimal use of
externally powered fluid moving devices and can be
fail safe. (A fail-safe system can continue to
provide comfort during power failures.) In some
cases, the solar heating system can provide 100%

5. HARMONY WITH THE ENVIRONING ELEMENTS
5.1

of the winter heating load without any use of ex
ternally supplied, non-renewable energy.

(a) Earth, stone

(b) Water

(c) Air, wind
(d) Sky

EARTH CONTACT.

Starting from the ground upward, parts of the
structure in thermal contact with the earth can use
this storage media-insulator to modify effects of
outdoor diurnal temperature swings, reducing the
heating load in the winter and reducing or elim
inating the usual summer cooling load. For the
portions of the structure above ground level, earth
berms brought up to window and other non-south open
ings will amplify the moderating effect on heating
and cooling loads.

3. TAKING ADVANTAGE OF THE ENVIRONING ELEMENTS
Element

DUALITY CONSIDERATIONS

Passive Design Function
Heat sink, heat source, heat
storage medium, insulator,
thermal lag damper
Evaporative cooling, heat
storage, heat and mass trans
fer
Convective cooling, ventila
tion, stack effect
Nocturnal cooling via radia

The ultimate in this direction is reached when all
the non-south walls and the roof are covered with
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ture via pipes or ducts with their typical heat
losses. In contrast to the above approach, most of
the successful passive solar heating systems convey
the sun's radiation through the building's envelope,
then, within the envelope, convert the radiation
into space heat, or into MCAT energy in storage,
with no loss of space heat during the process, and
with a dispatch, economy, and efficiency in no way
possible with the hackneyed, 1949 style, antique
collectors currently being touted in the popular
press.

earth. With only minimal south window solar input,
the interior comfort is maintained with negligible
auxilary heating, even when there is no solar input.
Typical earth temperatures just outside the peri
meter walls approach 65°F the year around if the
house interior is heated in winter. The benefi
cial properties of earth-contact designs assumes
that soil moisture content is maintained between
reasonable limits.
5.2 WATER BENEFITS
For the solar heated structure, water is still
proving to be the most efficient thermal storage
medium with its higher specific heat, density, and
fluid characteristics. On the negative side, with
or without antifreeze, there will be corrosion
problems in all devices where water, air, andmetal
contact each other. In passive solar water heat
ers, gravity flow can be used to circulate fluid
from collector to tank.

5.4.1

The Wright Approach

One of the simplest, most direct approaches is that
of architect Wright in New Mexico. All his passive
designs use south facing glass for solar input, and
use massive walls and floors for heat storage,
along with movable insulation for windows at night.
At elevations where the winter heating degree-days
exceed 7000, several of Wright's houses have pro
vided 80 to 100 percent of the winter heat load by
solar means.

5.3 AIR SYSTEMS
Both the water systems and air systems have their
gurus and disciples. Each type has its advantages
and disadvantages. Thus, the best passive designs
will consider the dual nature of either media.

5.4.2 Hay's Skytherm System
Harold Hay's unique passive design is being tested
in the Dakotas, after several years of satisfactory
performance in Phoenix and Atascadero, California.
This supreme example of duality applied to the
fully passive system operates by the in-phase use
of movable insulation over an in-the-ceiling liquid
thermal storage. Hay has achieved the world's
first working example of the solar heated, naturally
(not solar) cooled house. His system provides 100
percent of the winter heating load and all the sum
mer cooling without the use of an^ input from non
renewable fuels.

The air system has no freeze problems, but the low
density and low heat capacity requires larger,
well-designed ducts and fans to move air from col
lector to storage and to living space. The need
for larger horsepower fans would disqualify most
current solar air-heating systems as being not
passive.
5.4 THE SUN IN PASSIVE DESIGN
From the sun's viewpoint, it matters little wheth
er the intercepting system is active or passive.
It is only when the sun's rays start to penetrate
the building's envelope that differences become
significant. The typical, active, rooftop collec
tor will, with moderate or low efficiency, convert
the sun's radiation into heat within the thin con
fines of the collector enclosure. The laws of ra
diation, re-radiat1on, convection, and conduction
apply in the enclosure and during the subsequent
mass transfer of the heated fluid into the struc

5.4.3 The Thomason Solaris System
Another solar heating system which has gained 17
years of operating experience is Harry Thomason's
Solaris design, of which 6 examples are in the
Washington, D.C., area, and many more around the
nation. Although some hardware is used in this
design, there are several clever advantages unique
to this design. It is low cost, freeze and^ cor
rosion proof, and essentially fail-safe. The
system can be applied on properly oriented homes
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or buildings by the average do-it-yourselfer, and
is therefore treated with contempt or ignored by
the establishment, i.e., the hardware promoters.
The simple, straight-forward nature of the Solaris
and the Skytherm designs are the results of much
"engineering" and divergent thinking by their ex
perienced designers. Thomason's system rates as
passive because it operates with only one-quarter
horsepower pump during the sunlit hours. Several
examples are described in Ref. (3) along with over
200 other passive and active solar heated build
ings around the world.

doors in place! Our best commercial buildings have
an overall R factor that seldom exceeds 2 or 3. It
does not make sense to invest in expensive, over
sized heating equipment, solar collectors or other
wise, for the sole purpose of pumping more heat out
the windows.

6. AVOIDING THE SUN IN THE SUMMER
Applying the duality principle to year-around solar
design implies that summer overheating effects are
just as important in our considerations as are the
winter heating effects. A comparison of the winter
and summer electric generation loads of any utility
will confirm this.
The passive design approach should, consequently,
provide summer shading of collection areas and for
any other transparent opening in the envelope of
the building. Using the hourly and monthly values
of sun angles, Ref. (4), it is possible to design
fins, visors, and overhangs on the outside of the
building so that they are seasonally selective,
i.e., they can shade openings in the summer and
still admit solar radiation in the winter, even
though they are fixed in place.
7.

EFFICIENT SUPPLEMENTAL HEATING

Now that we have considered all the surrounding
elements and their role in passive design, the one
remaining element, fire, and its efficient use,
need attention. This is especially true when de
signing the thermal properties of the building's
envelope. In the primitive state of our current
building knowledge, most of our commercial build
ings are losers, along with most of our homes.
After all of the conventional winterization mea
sures have been applied to a typical house, it
will still leak 40 to 50 percent of its expensive
heat out through the windows and doors by conduc
tion, in addition to infiltration losses. Note
that this occurs with all storm windows and storm

The remedy for this window loss problem is simple
and very cost effective, but may require a minor
change in our hide-bound life style. Some of the
"under developed" countries in Europe have known
the solution for centuries. They simply use moveable insulation to seal off the windows at night.
Our feeble attempts to do this with drapes only
accent the losses. Insulating shutters can increase
the R value up to 10 and 15 for windows. For ex
cellent solutions to the window problem, see Refs.
(5) and (6).
8.

STRUCTURAL THERMAL STORAGE

Most of our current publications and texts on heat
loads, insulating, air conditioning, etc. omit one
very important property. The forgotten or omitted
property is the heat capacity of the various build
ing materials. When the total mass of the interior
parts and their respective specific heats are known,
the overall interior heat capacity of the structure
can be calculated. Along with this, the overall R
factor for the building envelope can be figured.
When both these are known, the product of the two
factors will be the building TIME CONSTANT (RC).
Knowledge of the little known RC can furnish the
warm-up or cool-down time for the particular struc
ture along with some major energy saving tricks.
One result is that we find that the insulation
should be on the outer side of the wall instead of
the inside.
The structure's RC is an especially important con
sideration when the intermittent nature of solar
energy is involved. Along with the RC value for
the interior.it is important to know the thermal
time lags of the sunlit walls. With good passive
solar design, the time lag can be controlled so
that maximum heat transfer through building masses
arrives in-phase with maximum space heating needs
at night. A good example is the Trombe wall, where
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the lag is a full 12 hours.
this thermal lag principle.

10.

Ref. (7) quantifies
1.

Most of the successful, passively solar-heated
houses known today have employed massive floors,
walls or other interior storage devices to modulate
the otherwise very high temperature swings during
insulation peaks, storing and recycling the heat
back into the adjacent space during the night hours
or during the cloudy winter days.
9.

2.
3.
4.

SUMMARY

5.

It becomes apparent, when all the energy efficient,
passive design steps are considered, that our per
spective on the solar heating role changes. There
are several design measures which will yield as
much, or more energy savings as will the solar in
put!

6.

7.
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'll. BIOGRAPHY

Passive design is an art which calls on many dis
ciplines for its answers. It is a diverse problem,
and a metaphysical, human problem, not capable of
direct, machine, computerized solution, although
each of the mechanical inputs can speed up and aid
the human designer who must make the final choices.

Gordon Moore arrived unexpectedly in Independence,
Missouri, about 6 decades ago. He earned his B.Sc.
at the University of Missouri-Columbia in 1949. He
was at the University of Florida during 1964-67
when he received his Ph.D. As founder of the
Missouri Solar Energy Associates, he has seen this
grow to a statewide membership exceeding 400 with
active chapters in St. Louis. Kansas City,
Springfield, and Columbia. Professor Moore is
currently teaching courses in Building Design For
Low Energy Use to architects and engineers in
Kansas City and in St. Louis. He classifies him
self as a typical, show-me renegade, definitely
non-establishment.

Passive design is also an old art, and has been
taking advantage of the sun's heat and path for
all times in the past. When we study examples of
past and modern examples of indigenous dwellings,
and how well they served, we can only conclude
that we have much to re-1 earn.
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THE TRADEOFFS BETWEEN ENERGY CONVERSION STAGES,
ENVIRONMENTAL EFFECTS, AND TECHNICAL EFFICIENCY

Angelos Pagoulatos
University of Kentucky
Lexington, Kentucky

Abstract
From analyzing the physical constraints in managing exhaustible and nonrenewable
energy resources it follows that decisions concerning how far to convert a
given energy resource should be made within an economic framework. The
tradeoffs between conversion stages, environmental effects, technical efficiency
and uses satisfied by energy resources are then determined. In light of the
direct and opportunity costs stemming from increased conversion stages, the
intertemporal allocative decisions for exhaustible and nonrenewable energy
resources are derived.
1.

INTRODUCTION

optimal depletion of an exhaustible stock energy

Historically, animal, water, wind, and plant

resource will be presented and analyzed.

sources have been used by civilization to produce

the tradeoffs between energy conversion stages,

energy.

Presently, people depend primarily on

environmental effects and technical efficiency

exhaustible nonrenewable energy resources such
as coal, petroleum, uranium, etc.

Thirdly,

will be determined.

These energy

Fourthly, in light of the

above relationships, the intertemporal allocative

resources, furthermore, need some type of con

decisions for exhaustible nonrenewable energy

version before they can provide society with

resources will be derived.

the needed forms of energy.

2.

PHYSICAL CONTRAINTS IN ENERGY RESOURCE USE

It is the purpose of this paper to investi

Energy conversion and materials processing are

gate the relationships between energy conversion

technical complements in their provision of goods

stages and their technical efficiency and envi

and services.

ronmental effects.

does not mean that goods completely disappear into

As energy resources undergo

Consumption of goods and services

additional conversion stages their losses of

a void; rather, residuals from both the consump

energy content as well as their environmental

tion and intermediate production processes remain

effects become substantial.

within this world and possibly render disservices.

Since all presently

used energy resources are exhaustible and nonre

The materials balance approach (based on the first

newable sources of energy content aggravate the

law of thermodynamics) indicates that the economic

problems of exploitation.

process, neither produces nor consumes matter and

Firstly, the meaning of environmental effects will

energy, but, rather transforms matter and energy

be defined and related to economic terms and the

into different qualitative forms, which can render

concepts of materials balance and entropy law

services to meet society's wants (8).

will be exemplified.

goods also, except for increases in inventory,

Secondly, the theory of
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Since, final

ultimately enter the residuals stream, what

resource use affect the quantity and/or quality

society can do is either to recycle them or pro

of a resource supply so as to (a) preclude, (b)

cess them in order to reduce their adverse effects

increase the costs, or (c) reduce the benefits

and discharge them back into the natural environ

of a later use of the resource.

ment (See Figure 1).

changes in resource quality are damaging; some

Thus, not all

Figure l.--The flow of stock energy resource conversion.

interpreted in terms of quantities of resources.

changes may be beneficial to later uses. For
example, the increase in water temperature

Increasingly however, scarcity of energy

stemming from a nuclear power plant may be

resources is becoming a function of quality-

beneficial if the next use of the water is heating

for example, coal reserves presently are differ-

at a nearby town.

Traditionally, energy resource scarcity has been

•k

The higher temperature of the

water, alternatively, can be viewed as an adverse

entiated in terms of sulfur content.

environmental effect if the fish in the stream
Environment refers to the totality of natural

die and the next use is fishing.

resources, including the intricate interrelation
ships among living and nonliving things which

Environmental quality changes are economically

constitute ecosystems and biomes.

relevant when they affect (adversely, in the

Environmental

case of damages) later uses to which energy

damage occurs when waste constituents from one

*Qualities of resources may be the result of another use or they may be produced in the natural state.
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resources may be put to meet the demands of

we do not process residuals to increase our endow

people.

ment of low entropy necessarily.

In ascribing dollar values to the costs

The sub-demands

of environmental damage, later uses of affected

for aesthetics and quality of environment may

resources must be traced and dollar values

justify processing of residuals even if the net

ascribed to the preclusion of later uses, losses

result in terms of entropy is a deficit.

in productivity of later uses, and increased costs

3.

OPTIMAL DEPLETION OF AN EXHAUSTIBLE

of treatments to improve or restore the quality

ENERGY RESOURCE

of the resource for later uses.

Currently and prospectively, people depend

The entropy law (or second law of thermodynamics)

primarily on energy derived from the earth's

states that the order of a closed system steadily

mineral deposits.

turns into disorder.

quantity stock resource.

In other words, any

This energy source is a fixed
Stock resource supplies

are affected by previous resource use and there

isolated materials system that originates in one
equilibrium state and terminates in another

fore management decisions relating to the non

always suffers an increase in entropy (3, 4).

renewable stock energy resources are needed.

The second law of thermodynamics indicates that

Although flow energy resources such as sunlight

the process is unidirectional and irreversible,

are also affected by the entropic degradation,

meaning that the entropy of the universe is

they will not emphasized here because they are

continuously increasing,moving from low entropy

available at a predictable and stable stream,

to high entropy and therefore becoming unavail

and nonuse of these resources results in a perma

able to man.

nent loss of their potential benefits.

The entropy law states that when

energy resources or residuals from previously used

The theory of exhaustible resources has addressed

energy resources are processed and utilized,

the question of optimal depletion of a stock

matter energy becomes less available; entropy

nonrenewable energy resource (1, 2, 5, 7, 10).

increases.

Exhaustion is viewed as constituting a gradual

Although entropy increases with

the mere passage of time, humans' need for goods

increase in the cost of exploitation over time and

and services converts faster low entropy to

exhaustion occurs when the cost rises to the

high entropy.

point at which none of the product is demanded.

Low entropy can be managed by determining both

Indeed as price rises over time, the demand for

the natural resources rate of use and the desired

the resource will be eliminated just at the point

processing of natural resources and residuals.

that the supply is exhausted.

Additional processing steps for energy resources

natural-resource saving technology, and substi

Technical progress,

contribute to a faster entropic degradation.

tutability with

renewable and flow resources

determine the resource exhaustion problem's

Entropic degradation effects become visible only

seriousness.

■in the long-run as knowledge and technological
advances reveal more low entropy existing

But it should be recognized that a stock renewable

within this world.

resource cannot substitute for a stock resource

Residual recycling can

increase the natural resource endowment at

over and above the technical substitutability

any given point in time, provided that the

between the different resources.

With petroleum

entropic degradation derived from new sources of

and solar energy, petroleum has

both energy uses

low entropy used is greater than the entropy

and nonenergy uses but solar energy can substitute

increase suffered from recycling.

for only the energy uses, provided that changes in

Furthermore,
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the energy using capital stock are made.

A simple presentation of the price path can be

There

fore, even if solar energy becomes commercially

made by assuming that there are two different

available, a certain amount of petroleum will have

qualities of the stock energy resource with
*
constant cost within each quality (6).
In

to be used in the nonenergy uses.

Coal, could

substitute petroleum almost in all uses (including

Figure 2, the cost curve associated with the

petrochemicals), but coal is also an exhaustible

higher quality deposit is OH and the cost curve

stock resource.

associated with the lower quality deposit is OL.
Since the higher quality deposits can be extracted

Entropy law implications for exhaustible energy
resource use accent
itself and point

at lower prices than the lower quality ones,

the exhaustibility issue

the high quality deposits will be the first

to the possible entropy

dificit in recycling.

utilized.

The exhaustibility issue

If there is no inducement to shift

output within the time periods that the two

leads to the familiar management decisions regard

qualities of deposit are produced, the net price

ing the rate of particular energy resource use

will be increasing at the rate of discount within

and the substitution of less for more scarce

each time period.

resources.

This is true for the case in

D

T

Figure 2

*The difference in quality of the resource can be explained with the example of coal. Quality dif
ferences arise between coal with high and low sulfur content or between coal which is easily extracted
and coal which requires deeper mining and therefore higher costs.
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which the initial endowment of the resource is
fixed and marginal production cost is zero.

exhaustible energy resource stocks faster.

Market price, will be increasing from A to B and

environmental effects are sustained the following

the corresponding net price AH will be rising at

opportunity costs from energy resource use arise:

the rate of discount.

(a) new technological advances, both on the

As

the energy resource base decreases, and adverse

As time goes on and the

high quality deposit is exhausted, market price
will rise from B to D (net price BE). Discounting

demand and supply side, such as increased utili

BE will yield the present value FB which shows

apply to a smaller resource base

the necessary price for the exploitation of a

an overall entropy increase, (b) opportunity

lower quality deposit in the earlier period

costs will arise due to technical complementarity

to be equally profitable to exploitation in the

in either flow or other (not yet depleted)

later period.

stock resource utilization.

As price increases, output per

zation efficiency and new uses will have to
reflecting

In order to capture

unit of time decreases and at T both deposits

sunlight, transform it and possibly store it

are exhuasted when price reaches the maximum

in some secondary form of energy, the necessary
equipment still depends on exhaustible nonrenew

at zero demand.

able natural resources.
4.

TRADEOFFS IN ENERGY RESOURCE CONVERSIONS

supply depletion of the energy resource precludes

Energy resource conversion implies the joint

the accrual of potential societal benefits.

use of other natural resources which are tech
nically complementary.

It

eliminates, for example, the possibility of

Furthermore, energy

utilizing and marketing the resource by the

resource conversions produce jointly energy and
environmental amenities.

Also, (c) physical

people of a particular area.

When energy resources

Such is the case

of Eastern Kentucky and its dependence upon

such as coal or uranium are used in the genera

the low sulfur content coal reserves.

tion of electricity or when synthetic fuels are
But the additional conversion stages increase

derived from organic matter (converted by
fermentation or chemical technology), there

the number of the energy resource uses.

is a loss of physical efficiency.

ability to satisfy more uses is reflected as

Coal, when

The

converted into a gaseous or a liquid form loses

an increased value product corresponding to

at least 20 percent of the initial energy content.

more intensive energy resource conversions.

The same physical inefficiency applies to

By expressing uses and direct and opportunity

electricity generation where the electricity's

costs involved in energy resource conversion

thermal efficiency is about 32 percent, compared

stages and utilization, in terms of the particular

to 60 to 90 percent in direct fuel uses.

conversion processes, the tradeoffs between them
*
can be derived.
The relation between uses

Furthermore, increased conversion requires
the conversion processes, simultaneously

and conversion stages can be represented by the
• 6 = CY where 0 is uses, C represents
equation

affecting environmental quality.

conversion stages and x is a constant with values

additional natural resources for complements in

between 0 and 1. Uses are increasing as the
Resource conversion's reduced physical efficiency

conversion stages increase indicating zero

requires more physical resources to satisfy

uses at no conversion and positive total value

the different energy demands or material services

thereafter until diminishing returns emerge
2
2
(d0/dC>o and d 0/dC <o). The relation between

at any given time period and, therefore, depletes

*
Each use is assumed to require a specific minimum point of conversion.
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first cost component refers to the extraction ana
processing of the energy resource which require
additional resources under conditions of diminish

energy conversion stages and the direct and
opportunity costs from low technical efficiency
and adverse environmental effects is represented
k
by the equation 0 = jC where 0 are total costs,

ing marginal productivity (9).

The second cost

j is a negative constant and k is a constant

component refers to the opportunity costs of

greater than 1 (d0/dC<o and d^0/dC <o). The

exhaustion, that is, the foreclosure of future

tradeoffs between the two, in terms of conversion

consumption benefits.

stages are given by

marginal extraction and processing cost (MEDC)

C6 x<o which shows how

Consequently, there is a

much total value product is sacrificed for every

which increases at an increasing rate as addition

unit reduction in total costs.

al energy resource amounts are extracted and
converted for final consumption.

5.

INTERTEMPORAL ALLOCATION OF EXHAUSTIBLE
The opportunity costs stemming from the exhaustion

STOCK ENERGY RESOURCES
At any given point in time the supply of an
energy resource can be represented by the mar

of an nonrenewable stock energy resource can be

ginal cost to society (MSC) of supplying given

of current consumption being at the expense of

consumption levels (See Figure 3).

thought of as a user cost being incurred because
future societal benefits.

This marginal

social cost is made up of two components.

Despite the resemblance

to the concept of externalities, the unpriced

The

Cost

P
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effects cannot be defined as externalities in

For an optimal energy resource use society will

consumption and production.

gain the maximum net benefit from its energy

The analysis of

externalities is static and the deduced criteria

resource stock when the marginal benefits and

for a welfare maximum do not include any dynamic

costs of consumption are equal.

considerations.

equating MSB with MSC implies consuming OQ in the

Under the assumption of a downward sloping mar
ginal social benefit curve for future resource

current period and leaving (S-OQ) for future
consumption.

consumption, each successive unit of current
consumption incurs a progressively higher loss

which will determine the optimal quantity to be
____ k
consumed is OP.

of future benefits, yielding an upward marginal

Next, the allocation of an exhaustible stock

In Figure 3,

The real resource price then

k

opportunity cost curve (MOC).

The marginal

resource between competing uses over two time

opportunity cost (MOC) starts from the origin and

periods will be determined.

In Figure 4 the

increases at an increasing rate eventually be

length of the horizontal axis OS indicates the

coming larger than the marginal extraction cost
curve (MEPC). The marginal social cost curve

amount of energy stock resource available; MSB
o
and MSBj represent the benefits derived from

(MSC), reflecting society's cost from the current

current and future consumption respectively.

use of exhaustible nonrenewable energy resources

MEPCq and MEPC^ curves, show the forthcoming

is the summation of the MOC and MEPC curves.

supply based on the marginal extraction and

Figure 4

The

Resource
Quantity

It is assumed that the demand for resources as an input or as a final consumption good is down sloping
in that increased consumption in any period brings diminishing marginal social benefits.
*
For a more detailed analysis the reader may see Mclnerney's work (9).
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processing costs.

From Figure 4 it is obvious

In light, of the above relationships, the inter

that restricted exploitation in the current period

temporal allocation of exhaustible nonrenewable

t , will lead to a residual stock (OS-OQo) for

energy resources should be taking into consider

future consumption.

ation both the direct and opportunity costs of

Resource utilization beyond

a level of OQ^ (where MSBj = MEPC^) deprives

extracting and converting energy resources.

society of future net benefits.

then, the familiar equimarginal criterion that

The MOC curve

therefore measures the future marginal net bene

the net benefit derived from the last unit

Only

fits foregone by current consumption and is thus

utilized in one time period should be equal to

represented by the vertical distance between

the discounted net benefit of the last unit

MSB1 and MEPC^

of the energy resource utilized in the next
period, can be utilized.

Since the addition of the two curves MOC and MEPCo
yields the marginal social cost of current
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UTILIZATION OF WASTE HEAT FROM ELECTRIC POWER GENERATION
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Abstract
Waste heat from the generation of electricity in this country could supply all of
our space heating needs and could make us energy independent. District heating
seems to be the best means of recovering sizable quantities of this energy.
Economic projectionsshow that district heating would be economical at today's
energy prices, in most cases.
INTRODUCTION
The use of "waste heat" which is rejected from
steam-electric power generation represents a valu
able energy source, if it can be tapped. Use of
this reject heat is receiving increased attention,
as methods of using energy resources more effi
ciently are becoming a necessity. This total
energy concept applied to electric power genera

are price and population. The Federal Power
Commission estimates that demand in the U.S. will
double in the decade from 1970 to 1980, rising
from 1.5 trillion kwh per year to 3 trillion kwh
per year. And, if current trends in population
and energy prices are not drastically altered,
electricity generation will reach 9.85 trillion
kwh in the year 2000.^7 y^e energy resource

tion is being employed successfully in Europe,
particularly Sweden. Applications in the U.S.
have been mainly confined to combined generation
of electricity, heating and cooling for buildings
and building complexes. Attention is now being
focused upon central power facilities and large
scale use of the waste heat.

inputs to satisfy this growth would rise by 362%,
while efficiency will increase by only It.
There is expected to be no significant increase in
the fuel use efficiency of generation plants.
Table 2 shows heat rates and values for the heat
dissipated to coolants for modern fossil-fueled
and nuclear plants. Between 60 and 70% of the
energy in the prime fuel is either lost or rejected
to the environment. Of the energy input, about
50% is rejected to the condensers and finally to
the environment.

ELECTRICITY GENERATION AND WASTE HEAT
The magnitude of this rejected heat can be seen
by analyzing current power plant operation and
the demand for electricity. Table 1 shows both
the electrical demand and the reject heat. The
two main factors influencing electricity demand
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Table 1.
United States Electric Utility Statistics ( 2 )
Energy
Resource
Input

Electricity
Demand

Total Conversion
Losses

Energy Rejected
to Cooling Water

Year

(ID12 kwh/yr)

(1012 Btu/yr)

(1012 Btu/yr)

(% input)

(1012 Btu/yr)

(% input)

1973
2000

1.5
9.85

17,400
80,380

11,936
49,640

68.6
61.8

7,950
41,760

45.7
51.9

Potential. The energy rejected to cooling water
in 1975 represented 13% of the total U.S. energy
consumption, while total conversion losses amounted
to 20%.^ ^ The waste heat in the cooling water
alone could have supplied the U.S. needs for
space heating. Savings of 13% of the net energy
consumed would make this nation energy independent.
Thermal pollution of rivers and other bodies of
water would be reduced by providing other means
by which to dissipate this heat. Utility companies
would benefit from the increased amount of salable
energy and electricity prices could be lowered.
Therefore, there is a tremendous incentive for
reclaiming power plant waste heat, and a number
of possible applications will be reviewed.

The efficiency limitations can be understood by
looking at the Carnot cycle efficiency for heat
engines:
Efficiency < ^
where Th and Tc are the inlet and exhaust steam
temperatures (absolute) respectively. Modern
plants are limited to inlet steam of about 1050°F,
due to high pressure limitations in the boilers.
The exhaust tempreature is limited to about 100°F
by the vacuum which can be obtained.
maximum theoretical efficiency is:
1510 - 560
1510

Therefore,

63%

Considerations. Before exploring some possibili
ties of waste heat use, there are several impor
tant factors which must be considered for any
system of combined energy use:
1. The temperature at which heat is rejected
is important. Heat at high temperature is easier
to use than heat at low temperature.
2. Transportation distances are also impor
tant because of high transportation costs and
heat losses.
3. Seasonal and daily fluctuations in elec
trical demand cause variations in the quantity of
waste heat available. Precise balancing of heat
and electricity output may be required. Ideally,
the consumer should be able to use most of the
output from the generating plant.
4. Backup facilities should be available to
supply cooling for the power plant and heat for
the consumer in case of failure of either.

The inefficiencies of the Carnot cycle are due to
friction, non-ideality of steam and heat rejected
in the condenser . In addition, losses in the
boiler and generator must be included. In actual
practice, power generation efficiencies for
modern units are about 40%. Most of the fuel
losses are in the condenser (50%) and in the flue
gases (10%).
Table 2.
Heating Rates and Reject Heat from
Modern Power Plants(3)
Fossil-fueled
1970's
1980's
Nuclear
1970's
1980's

Heat Rate
Btu/Kwh
9500
9000

Reject Heat
Btu/Kwh
4660
4240

10,500

6560
6090

10,000
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estimated that a 1000 MW nuclear plant could heat
(3)
4.4 square miles of greenhouses.

5. Siting of new facilities must be care
fully evaluated.
6 . Modifications to existing facilities

Another consideration is environmental control of
livestock pens. This would be especially attrac
tive to poultry and swine producers since growth
and temperature control are closely related. The
total heat needed, however, is still too small
(5)
to be a successful application of waste heat use.'

must not disrupt regular service.
7. The energy supplied must be cost competi
tive with current prices of alternate sources.
LOW LEVEL HEAT
Low temperature heat is available from the cool
ing water used to condense exhaust steam. Use of
this low level heat is desirable since modifica
tion of existing facilities would be minimized.
The major drawback is, of course, the low tempera
ture and the resultant magnitude of warm water
available. For instance, a 1000 MW fossil-fueled
plant with an efficiency of 40% would require 900
cu.ft. per second of cooling water, using a 20°F
temperature rise, dissipating about 1200 MW to

Waste water and sewage treatment offer other possi
bilities of waste heat usage. Increasing the
sewage temperature by using it as the coolant or
heating with warm water would increase bacterial
growth rates and increase waste treatment plant
capacities. Also, the coal from fossil-fueled
plants can be used as a filter for secondary
treated sewage to remove the sludge which could
(3)
then be burned with the coal.'

(21

the water.'

Thermopiles, thermocouple elements placed in series
in heat exchangers, could be used to harness heat
in the flue gases and steam condenser. A typical
1600 MW fossil-fueled steam plant could produce

Aquaculture of food animals is one possibility
for using this warm water. Using the warm
effluent to control the growing environment of
seafood, such as clams, oysters, shrimp and fish,
would allow growers to maximize production. This
application could help meet a growing demand
for seafood and avoid over-harvesting of natural
fisheries. Large scale demonstrations are being
planned; however, only a small amount of the
total waste heat could be employed in this
(4,5)
manner.
'

3 to 9 MW in this manner. There would be a mini
mal effect on plant operation; however, the cost
is presently prohibitive (estimated at $1250 to
$3270 per KW in 1970).^
Several other proposals have been made. Uses in
the food processing industry might include pre
heating operations before cooking, canning,
bottling, sterilization and sealing. The avail
ability of fresh water and heat would have
economic advantages, but the potential use would
be quite small. Another idea is the use of heat
pumps to upgrade the level of heat to higher
temperatures. Large cooling ponds for the con
denser water could be used as warm water recreation
areas before the effluent is discharged to a
river or 1ake.'(4)'

In agriculture, warm water could be used to pro
long the growing season and to provide cold
weather protection. Open field uses include warm
water sprinkler systems and buried pipe soil
warming. Little development has been done in
this area and this scheme would provide only
intermittent consumption of waste heat. Green
houses are also being studied and several demon
strations have been made. Warm water would pro
vide both heating and humidity control. Lettuce,
tomatoes and cucumbers have been successfully
grown in trial projects. ’ ' However, green
houses would, at most, consume 1% to 5% of the
total waste heat on a large scale. It is

HIGH LEVEL HEAT
Consumers for high level heat are more readily
available. Matches between industrial processing
requirements and/or district heating of urban
areas can be easily found. In the U.S., two
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prime examples are Consolidated Edison's steam
heating system in Manhattan and Public Service
Electric and Gas Co. in New Jersey, supplying
steam to Exxon Company's Bayway Refinery from
their Linden Generating Station.©

water condensers and then condenses steam from the
turbines. A 400 MW nuclear generating plant could
produce 75 million gallons of fresh water per day
at a cost of about 44 cents per 1000 gallons. ©
District Heating. District heating for urban areas
can be accomplished successfully using either steam
or high temperature hot water. In 1975, demand
for space heating was 6100 trillion Btu, or 20% of
the total U.S. energy demand.© The energy input
for heating was about 12,200 trillion Btu, since
most heating systems are about 50% efficient. The
electricity generated by fossil fuels in 1975 was
1.44 trillion kwh and the corresponding heat re(9)
jected to cooling water was 6710 trillion Btu.
More heat was rejected to cooling water than was
required to provide space heating for the entire
U.S.

The high level heat can be produced in two ways.
As shown in Figure 1, high temperature steam can
be extracted from the turbine at an intermediate
take-off or extracted directly from a backpres
sure turbine. Steam from a back pressure system
is supplied as the exhaust from the final expan
sion. This is the simplest and least expensive
of the two systems, but electricity generation
becomes tied to consumption of the exhaust steam,
unless a portion of the steam is vented.
Intermediate take-off involves extracting a por
tion of the steam at an intermediate pressure and
processing the remainder through low pressure
turbines to condensers. This system allows
flexible generation of heat and power. In both
systems, fuel consumption is increased over that
required solely for power generation, but the net
result is an increase in energy efficiency.
European combined power-heating stations report
prime fuel use efficiencies above 80%, in some
cases.©

Back Pressure
Energy Use Approximately 100%

Industrial processing requires large amounts of
steam at a steady consumption rate. Backpressure
turbines could be used to provide this heating
requirement if the transport distances are short.
Consideration should be given to formation of
industrial parks, where industry is located near
generation plants which would provide steam and
power.
A flash evaporation system might also make use of
steam from back pressure turbines to provide
fresh water to communities and industry. The
evaporator consists of from 20 to 50 chambers,
each at successively lower pressures. Heated
brine or brackish water flows through each
chamber, where fresh water is flashed, condensed
and drawn off to storage. The brine, cooled by
evaporation, is used as coolant in the fresh

Extraction
Energy Use Approximately 70%
Figure 1. Turbine Performance with Steam
Extraction*7)
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To be successful, district heating should be used
in areas of high population density and at a high
penetration. A 1000 MW plant could serve more
than 400,000 people.©
Either steam or water
can be used as the heating medium and both have
advantages. Steam has a higher heat content per
unit weight, lower pumping cost, is easier to
meter and condensate return lines are generally
not used. Hot water is less expensive to pro
duce and has a much higher heat content per unit
volume, which allows the system to have a larger
storage capacity and smaller piping. In addition,
hot water is more easily stored and the systems
are more flexible. Temperature of the delivered
water can be varied easily and additions to exist
ing systems are readily accomplished without
large adjustments in capacity. Therefore, hot
water is generally considered best for normal
district heating.
A typical hot water system might operate as shown
in Figure 2. Steam from the power plant is con
densed to heat water to temperatures as high as
350°F. This hot water is then pumped to a central
station near the population center, where warm
water at 170°-200°F, is produced for distribution
to homes and buildings. The cooled high tempera
ture water is then returned to the power station.
Storage for hot water would be needed, along with
backup boilers to provide balancing and peak load
capabilities.

District heating has been successful in Europe for
several decades and technology is being steadily
advanced. Most systems involve distances less
than 20 miles, but distribution up to 60 miles is
considered economically feasible.©
Sweden now
uses district heating to serve about 25% of its
population, with a combined heat-power load of
7500 MW in 1973.(©
New materials may make heating networks even more
attractive. Plastic piping, now in use, can be
unrolled from drums directly into trenches. A
plastic convector with heat transfer coefficients
higher than those of most radiators is being
developed and would allow lower operating tempera
tures and increased efficiency. © ^
DISTRICT HEATING ECONOMICS
In order to illustrate the potential for district
heating in the U.S., the cost and economics for
a heating system to compliment a 1000 MW fossilfueled generating station have been estimated.
Table 3 summarizes the basis for this installation.
Heat for nearly 1/2 million people could be sup
plied by this system. Steam from an intermediate
take-off turbine is condensed in exchangers to
produce hot water at 350°F. Extraction of this
steam results in a 15% fuel penalty over present
operation.
Table 3.
District Heating from a 1000 MW Power Plant

During summer months, the extracted steam would
be used to generate chilled water, using absorp
tion refrigeration systems. A reasonably balanced
steam demand is achieved on an annual basis, as
shown in Figure 3. Many variations can be made
on this system, and each case needs to be con
sidered uniquely.©

Generation
electrical load factor
0.5
increase in fuel use
15%
heat supplied to system
2.33 x 10y Btu/hr
Pipeline to Load Center
twin supply & return lines
30 inch
one way length
40 miles
Distribution
losses in transport
15%
average home heating requirement 475,000 Btu/day
people/dweliing
4
Service
106.000 homes
424.000 people

Daily balancing presents a significant problem.
As shown in Figure 4, heat demand and electrical
demand are not in phase; although they peak at
about the same time during the day. In order to
balance the loads, excess hot water must be gen
erated during high electrical demand and stored
until the peak heating periods.
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84%

Figure 2.

Power Generation + District Heating

Steam
Demand

Figure 3.

Steam Demand for Heating
and Air Conditioning (8)
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6:00
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12:00

6:00
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12:00

Midnight

Daily Demand Curves for Heat and Power (8)

Table 4.
Cost Estimate for District Heating
from a 1000 MW Plant

Hot water is pumped in a closed loop to a load
center. Thirty inch diameter pipelines are used,
and a distance of 40 miles was assumed. Pumping
losses amount to 15% of the energy transported.
As shown in Table 4, the pipeline system would
cost $46 million.

Capital Costs

million $

Pipeline, pumps, pump stations
Hot water storage

The distribution network, within a city, is based
upon the most expensive case, i.e. distributing
hot water to individual homes, and not large
building complexes. An average heating require
ment of 475,000 Btu/home-day was used, and is
typical for a cold weather climate. The cost of
this system, corrected to 1976, is $147 million.©

46.12
0.17

Distribution network

147.13
Total

193.42

Operating Costs

Table 4 also shows the operating costs for this
installation. These computations reflect the
added fuel usage at the generating station and
the energy needed for pumping and distribution.
The major cost items are the fixed changes due to
the high capital cost.

Labor, overhead

7.88

Maintenance

7.74

Interest

15.47

Utilities

1.00

Fuel increasedue to heating

3.87

Depreciation

12.89
Total

110

48.85

Table 5 shows the expected return for this instal
lation as a function of the price charged for
heating. At energy prices of $2-3/million Btu,
only a minimal return could be achieved. However,
district heating becomes very attractive at energy
prices of $3-4/mi1Tion Btu. Energy prices for
heating with LPG and fuel oil are presently about
$7.00/million Btu (corrected for efficiency) and
the cost for heating with electricity is about
$5-6/mi11ion Btu. The price of gas is expected
to reach $3-4/mi11ion Btu in the not too distant
future. In Europe, where energy prices have
been higher than in the U.S., district heating
has been economical for many years. By compari
son, heat from one system in Europe, was priced
at $1.60/mi11ion Btu in 1968.

CONCLUSIONS
Heat recovered from power generating stations
would make the U.S. energy independent. The most
appropriate use of this waste heat is for heating
homes and buildings. District heating in the U.S
becomes economically attractive at energy prices
of $3-4/mi11ion Btu. Regional planning and coop
eration between utilities and government will be
needed in order to implement this energy alterna
tive.
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This example illustrates that district heating
in the U.S. can be economically competitive
at today's energy prices, in many cases. Further
more, transportation of waste heat over long
distances (40 miles or greater) is not prohibi
tive. In most instances, the electrical gen
erating facilities for the large population
centers are within a 40 mile radius, so that
district heating is geographically feasible for
a large segment of our population.
In order to implement this energy alternative,
modifications to existing power plants will be
needed in order to extract higher temperature
heat. Large investments will be needed to move
the heat to points of use. However, these
charges are somewhat minor when compared with
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Abstract
An understanding of the chemistry of coal is essential for the
most efficient and environmentally acceptable utilization of this
important energy resource.. This is particularly true where coal
conversion processes are involved. Far from being a simple car
bonaceous rock, coal is a complex and variable chemical system.
This paper outlines the basic principles of coal chemistry which
can be helpful to geologists, engineers, chemists, and others
involved with the utilization of coal.
1. INTRODUCTION
If the United States is ever again to

It is obvious from the preceding fig

approach any degree of self sufficiency in

ures that very large quantities of mater

energy and hydrocarbons, coal must play

ials, tremendous investments, and substan

a vastly increased role.

tial environmental disruption are involved

This will in

volve operations of a truly huge magnitude.

in a change of the domestic energy base

Consider, for example, what would be need

from petroleum to coal.

ed to replace current petroleum consump

to occur with minimum difficulty and max

tion with coal.

imum efficiency, it is essential for all

The largest synthetic

In order for this

fuels industry in history was that devel

involved to be well grounded in the funda

oped in Germany during World War II.

mentals of coal science.

Peak

From the stand

output of 100,000 barrels per day was

point of coal utilization, the chemistry

reached in 1944.

of coal is perhaps the most important fac

This compares to current

U. S. consumption of almost 20 million bar

et of coal science.

rels per day.

tensively during the first half of this

An optimistic figure of 3

Though studied ex

barrels of synthetic crude oil per ton of

century, the knowledge base of coal chem

coal would require about 6.7 million tons

istry has not kept pace with areas such

of coal per day, or 2.4 billion tons per

as nuclear science or basic chemistry

year.

since World War II.

This is 4 times the current rate of

U. S. coal production.

At least 200 con

Fortunately, this

situation is now changing and our under

version plants, each costing more than a

standing of coal as a chemical system is

billion dollars would be required.

increasing, aided particularly by recent
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revolutionary advances in chemical instru
mentation.

2. OUTLINE OF COAL CHEMISTRY

As a result, future coal de

The chemistry of coal can be divided

velopment, including conversion, combust

into several major categories.

ion, and stack gas scrubbing, can be put
upon a more logical basis.

These be

gin with the biogeochemistry of coal form
ation and the geochemistry of coal as a

Coal is far from being a rock made of
pure carbon.

mineral.

It is a complex and vari

able chemical system.

considered is the classification of coal

It undergoes num

as a mineral and the physical and chemical

erous chemical reactions, and its chem

analysis of coal.

ical reactivity varies greatly with type
of coal.

The third general cat

egory involves the chemical composition,

The organic portion of coal con

tains a variety of chemical functional
groups.

The next general category to be

nature, and structure of both the organic
and inorganic coal fractions. Coal chem
ical reactions are considered next. The

The reactions of these groups

determine a number of things, such as

chemical aspects of coal conversion com

acid-base properties, ability to bind

prise another unit of study.

heavy metal ions, and amenability of coal

Chemical

processes involved in coal combustion and

liquids to further refining processes.

stack gas cleaning are considered.

The mineral portion of coal contributes

The

environmental chemistry of coal utiliz

to acid mine water and heavy metal pollut
ion at the mine site, determines the char
acteristics of ash produced during con

ation and conversion should be considered
in any modern coal chemistry course.

Fin

ally, advanced coal technology such as

version, and is a potential source of

magnetohydrodynamics, is discussed.

commercially valuable elements.

A

specific outline of topics covered is giv
en below.

A thorough understanding of coal chem
istry is obviously essential for chemists
working with this mineral.

1. Origin, Occurrence, and Classification of
Coal

It is also

needed by geologists concerned with coal

2. Physical Properties of Coal

resource development, environmental eng

3. Physical and Chemical Analysis of Coal

ineers dealing with mine-site pollution,

4. Chemical Nature of the Organic Coal Fraction

and individuals involved with conversion,

5. Chemical Nature of the Inorganic Coal
Fraction

combustion, and stack gas cleaning.

With

rare exceptions, the chemistry of coal

6 . General Chemical Reactions of Coal

has been ignored in academic chemistry

7. Oxidation of Coal

departments.

8. Reduction and Hydrogenation of Coal

The study of this topic is

9. Coal Conversion Processes

not even widespread in departments of
geology, chemical engineering, or fuel

10. Major Coal Conversion Products

science.

11. Environmental and Occupational Health Con
siderations in Coal Conversion Processes

With the growing importance of

coal, however, it is anticipated that a
number of courses will be established

12. Coal Combustion and Stack Gas Cleaning Pro
cesses

dealing with coal chemistry.

13. Advanced Coal Technology

This paper discusses the fundamentals
of coal chemistry.

3. ORIGIN, OCCURRENCE, AND CLASSIFICATION
OF COAL

It is based upon a new

book on that topic (1) and upon a graduate
level course taught by the author.

Most important coal deposits origin

It

ated with massive growths of terrestrial

provides a general outline for similar
courses dealing with coal chemistry.

vegetation starting approximately 275 mil
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lion years ago during the
stratigraphic period.

and are used at each stage of the coalifi-

C a rb o n ife ro u s

cation process.

In a sense, the

Peat with a chemical form

formation of coal is still going on as

ula not far from CH20 is used for elect

peat deposits continue to be formed.

rical power generation in Ireland and Min

Coal

deposits were formed in vast sunken swamps

nesota.

called

of coalification are brown coal, lignite,

Layers of vegetable

g e o s y n c lin e s .

Other coals in increasing order

subbituminous, bituminous, and anthracite.

matter were covered with mineral deposits

One of the most common classifications

and eventually coal seams were formed.
The gross physical processes affecting

of coal is by rank.

Increasing coal rank

coal seams after deposition of the vege

generally accompanies increasing coalifi-

table matter largely determine whether

cation.

or not the coal can be mined.

age of fixed carbon (that not present in

As rank increases, the percent

volatile carbon compounds) increases, and
the percentage of volatile matter decreas
es (though reaching a maximum for highvolatile bituminous coal of intermediate
rank).

Moisture decreases markedly with

increasing rank.

The heat content goes

up with increasing rank.

A list of coal

types in order of increasing rank with
approximate heating values (Btu/lb) in
parentheses is:

peat (very low), brown

coal (5,500-8,000), subbituminous (8,00012,000), bituminous (11,000-15,000), and

Figure 1. Coal formation showing some of the
physical features affecting coal utilization.

anthracite (13,000-16,000).

The chemical precursors of coal are
substances found in plants.

fications of high-, medium-, and low-vola

Predominant

tile bituminous coal.

among these are polysaccharides (partic
ularly cellulose) and lignin.

Bituminous

coal is furthermore divided into classi

Discrete fragments of organic coal are

Other sub

stances include protein, chlorophyll,

classified by

resins, fats, and waxes.

distinguished by appearance, opacity,

In the aggre

m aceral

type.

These are

gate, these are biologically active sub

reflection of light, color, and other

stances with an approximate chemical form

characteristics.

ula of CH20.

include fusinite, vitrinite, resinite,

Through the coalification

Typical maceral types

process they are transformed to an organic

and exinite.

rock with an approximate formula of CH.

may be related to the origin of the coal.

In some cases maceral type

The overall process must involve evolut

For example, alginite comes from fossil

ion of both excess oxygen, largely as

algal bodies making up boghead coal.
Classification of coal by rank, macer

C02, and excess hydrogen, largely as CH4-

al type, and other commonly used systems

Initially, coalification is largely a bio
chemical phenomenon involving fermentation

is not entirely satsifactory from the

and transformation of vegetable matter to

viewpoint of coal chemistry.

humic substances.

tems are needed to describe coal as a

In later stages geo

Other sys

chemical system, particularly its react

chemical phenomena involving processes at
high pressure and somewhat elevated temp

ivity.

eratures predominate.

coal conversion studies.

Coal deposits exist
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This is especially needed for

4. PHYSICAL PROPERTIES OF COAL

dioxide and water evolved when the coal
sample is burned.

The physical properties of coal and

Nitrogen remains a dif

coal ash have a strong bearing upon the

ficult element to determine.

ways in which it is used and upon its

variety of methods are available’, the

chemical reactions.

Although a

standard method remains the Kjeldahl pro

Among these, the

electrical properties of dielectric cons

cedure in which the organic matrix is brok-

tant and electrical conductivity are use

end down in boiling sulfuric acid liber

ful in classifying coal and understanding

ating amino nitrogen in the form of ammon

its structure.

ium ion, NH^.

The magnetic property of

This is liberated from bas

diamagnetic susceptibility has been used

ic solution as NH^ gas which is collected

to determine the aromatic nature of coal

and titrated.

molecular structure.

Testing and Materials (ASTM) recognizes

In recent years par

The American Society for

amagnetic resonance has been widely used

three methods for the analysis of sulfur

to elucidate coal chemical structure.

in coal.

From a practical standpoint in both con

method in which coal is ashed in a mixture

version and combustion, the mechanical

of sodium carbonate and magnesium oxide

properties of elasticity, grindability,

(Eschka mixture).

The first of these is the Eschka

A second approach util

hardness, and plastic deformation must

izes sodium peroxide fusion and a third

be considered.

consists of the analysis of the residue

Of particular importance

are the physical changes which occur when

left from the determination of coal heat

coal is heated.

content in an oxygen-bomb calorimeter.

These include swelling,

In

caking, "melting1
,1 loss of gases, and car

all three cases sulfate is measured.

bonization.

gen remains the most difficult element to

Of course these are strongly

determine.

tied in with chemical phenomena.

Oxy

It is usually calculated by

subtracting from 100 the sums of the per
5. PHYSICAL AND CHEMICAL ANALYSIS OF COAL

centages of hydrogen, carbon, nitrogen,

Standard methods exist for the determ

and ash.

ination of various important physical
properties of coal.

The determination of minor elements in

Chemical analysis

coal has gained in importance as the role

can be divided into the general categor

of these elements in health and as envir

ies of (1) proximate analysis,

onmental pollutants has been recognized.

(2) ulti

mate analysis, and (3) trace analysis.

Among the important classes of minor, or

Proximate analysis is basically the de

"trace" elements are halogens, boron,

termination of water, volatile matter,

phosphorus, the metalloids, and the heavy

fixed carbon, and ash.

metals.

This is accomp

Relatively new techniques of

lished by progressive heating and burn

chemical analysis such as atomic absorp

ing accompanied by measurement of weight

tion spectrometry, neutron activation

changes.

analysis, and, most recently, inductively

The water and ash contents are

particularly important in determining the

coupled plasma optical emission spectrom

quality of the coal.

etry have greatly facilitated the analysis

Ultimate analysis consists of the

of these elements.

chemical determination of carbon, hydro
gen, nitrogen, sulfur, and oxygen.

The bottom line for the usefulness of

Car

coal in most applications is of course the

bon and hydrogen are determined simultan

heat content. This is readily determined
by oxygen-bomb calorimetry.

eously by collecting and weighing carbon
115

predominant feature.

6. CHEMICAL NATURE OF THE ORGANIC
COAL FRACTION

accomodate the low atomic ratio of hydro

The organic chemistry of coal is highly
complex and variable.

This is necessary to

Because of its com

gen to carbon.

It also gives rise to poly

cyclic aromatic hydrocarbons in the liquid

plexity and the lack of attention given to

hydrocarbon products from coal pyrolysis

it by well qualified chemists during the

(coal tars) and direct hydrogenation of

last two decades, much of the organic

coal.

chemical nature of coal remains a mystery.

only minimal straight chain alkane compon

Most models of coal structure show

Fortunately, a number of well qualified

ents, although this is subject to some de

researchers supported with sophisticated

bate.

The presence of phenolic -OH groups

chemical instruments are now hard at work

leads to the production of phenols in coal

on the problem, and substantial advances

pyrolyis and hydrogenation products.

Sim

ilarly, organically bound nitrogen leads to

are anticipated.

production of nitrogen bases.

It is beyond the scope of this work to

Organic sul

go into organic chemical coal structure

fur compounds also persist in conversion

in detail.

products.

Some feeling for the topic

Compounds of oxygen, nitrogen,

can be gained however from consideration

and sulfur all interfere with refining

of an approximate chemical formula and

processes and must be removed from coal

hypothetical "molecule" of coal.

liquids by hydrocracking prior to further

The

chemical formula of Illinois No. 6 coal

refining.

is rather close to c p o o H8 5 S 2 N2 ° 1 0 " A hyp
othetical molecule of coal with approxi

groups cannot be removed from coal prior

Unlike pyrite, organic sulfur

mately this formula is shown in Figure 2.

pollutant SOj.

to combustion and lead to the formation of
Organically bound nitrogen

H0 i f
Figure 2. A hypothetical "molecule" of coal with the approximate formula,
c 100h 85s 2n 2°10This figure shows some of the predominant structural and
functional characteristics of coal.

As shown in Figure 2, coal consists

is the primary contributor to nitrogen ox

largely of aromatic ring structures con

ides emissions from coal combustion.

nected by alkane, ether, and other link
ages. The aromatic ring structure is the

er functional groups bind trace elements
to coal.
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Oth

gated as much as it should be.

7. CHEMICAL NATURE OF THE INORGANIC
COAL FRACTION

Among the

most environmentally significant trace el

Mineral matter typically constitutes

ements commonly occurring at levels great

approximately 10 percent of coal used at

er than 1 part per million are chlorine,

a power plant, though in some cases it is

arsenic, beryllium, bromine, cadmium, co

as much as 30 percent.

balt, chromium, fluorine, molybdenum, nick

The nature and

composition of this mineral matter varies
with the source of coal.

el, lead, selenium, and antimony.

In general,

typically is found at levels of around 20

clays make up approximately half of coal
mineral matter.

parts per billion, which is still signif

These are predominantly

kaolinite [(OH)gSi^Al^O^Q] and

Mercury

icant considering its toxicity and vola

illite

tility.

[(OH) 4K2 (Sig-A^) A1402 q ] . When heated
during combustion or conversion these

Zinc may be present at levels as

high as several parts per thousand and is
of commercial interest in some coals.

lose water and form fused ashes of alum
inum and silicon oxides.

8. GENERAL CHEMICAL REACTIONS OF COAL

Sulfides and,

As a complex organic system, coal is

to a limited extent, sulfates constitute
a second major mineral fraction.
most significant of these
FeS2.

capable of undergoing a large number of

The

organic chemical reactions.

is iron pyrite,

The simplest

of these is dissolution in either "non-

It is responsible for acid mine

water production by the bacterially medi

reactive" solvents or in conjunction with

ated oxidation of pyrite,

hydrogen addition.

2FeS2 + 2H20 + 702

Pyrolysis is the break

ing down of coal to volatile components

2H2S04 + 2FeS04

and char by heating.

Oxidation and reduct

and much of the sulfur dioxide produced

ion will be discussed in subsequent sect

in coal combustion:

ions.

Coal is readily halogenated.

This

has found little practical use, but may be

4FeS2 + 1102 -> 8S02+ + 2Fe203

a troublesome side reaction in coal con

Carbonate minerals of calcium, magnesium,

version processes.

iron (II), and manganese (II) make up a

Functional groups con

taining oxygen, sulfur, and nitrogen under

third major class of coal mineral matter.

go various chemical reactions used to re

The oxides formed by heating of calcium

move and characterize these groups.

and magnesium carbonates,

The

reactions of minerals and trace elements,

CaCOj + heat •* CaO + C02+

particularly during conversion processes
are responsible for the basic character

are quite important, but have not been in

of some fly ashes.

vestigated extensively.

These are potential

sources of base for stack gas scrubbing.
9. OXIDATION OF COAL

The fourth major mineral fraction is sil
ica, Si02.

The oxidation of coal to produce heat

Fused silica makes up much of

the glassy material in bottom ash and fly

is of course the primary use of this min

ash.

eral.

a large number of trace elements.

Because of the presence of elements

other than carbon and hydrogen, combustion

The inorganic portion of coal contains

of coal can be a complicated process which

The

distribution of trace elements between

produces troublesome byproducts.

Sulfur

the organic and inorganic fractions of
coal varies with the particular element.

most troublesome pollutant.

This important area has not been investi

responsible for particulate matter emis

in coal goes to sulfur dioxide, the single
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Fly ash is

sions, and the character of bottom ash

are hydrocarbons ranging from methane, CH^,

must be known to enable its safe disposal.

to coal tars.

Nitrogen in coal produces nitrogen oxide

hydrocarbons requires a higher input of

pollutants.

hydrogen.

Mercury, selenium, and some

The production of lighter

Because of coal's aromatic nat

ure, the liquid hydrocarbons are predom

other trace elements are volatilized.

inantly aromatic hydrocarbons and polycyc

Partial oxidation of coal with oxygen

lic aromatic hydrocarbons.

and water to produce synthesis gas is a
prime source of hydrogen and is the first

11. COAL CONVERSION PROCESSES

step in a number of conversion processes,
The objective of coal conversion is to

including several which are now in com
mercial operation.

produce (1) gaseous fuels,

Heat for the process

(2) hydrocarbon

liquids, or (3) solid solvent refined coal

is generated by the reaction of coal with

which is low in sulfur and ash and which

oxygen to produce carbon dioxide and wat

has a high Btu content.

er, and the hot coal (char) reacts with

Coal may be con

verted to other products by a large vari

added steam,

ety of processes.

C + h 2o -*■ CO + h 2

These range from the

very simple to the highly sophisticated.
Partial oxidation of coal in the pres

Some are as old as the processes used to

ence of water and base results in the ad

manufacture "water gas" during the 1800's,

dition of oxygen-containing functional

whereas others use sophisticated technol

groups, particularly carboxylic acid

ogy and have not yet reached the pilot

groups, to the coal accompanied by various

plant stage.

degrees of breakdown
ture.

in the coal struc

There are two basic processes for ob

Humic acids, fulvic acids, and ul

taining gas from coal.

The first of these

timately substituted benzene carboxylic

consists of reacting hot coal or coal char

acids, are produced.

with water,

Partial oxidation

has been explored as a route to the manu

C + h 2o -* CO + h 2

facture of synthetic organic chemicals.
to produce synthesis gas consisting of a
10. REDUCTION AND HYDROGENATION OF COAL

mixture of CO and H2 .

There are many var

iations on this basic process.

For the most part, chemical reduction

If the

of coal consists of the addition of hydro

coal is heated by partial combustion in

gen.

air, the product contains a high percent

This is a very significant process

for both coal structure determinations

age of nitrogen and is a low heat content

and coal conversion processes.

gas suitable only for burning on site.

Direct

a nitrogen barrier is employed, such as
using pure oxygen to burn the coal, a med

hydrogenation of coal can be accomplished
with, or without an added catalyst.

If

In

the latter case, coal mineral matter is

ium Btu gas is produced which is primarily

thought to have a self-catalytic effect.

a mixture of CO and H2.

Commonly coal is ground and placed in a

upgraded to high Btu methane by methanat-

slurry with an organic solvent prior to

ion over a nickel catalyst:

hydrogenation.

This gas may be

CO + 3H2 -► CH4 + H20

The solvent may be a

hydrogen donor solvent which bonds to H2

This reaction is preceded by a water-gas

and then donates hydrogen to the coal.

shift reaction,

Normally more solvent is produced as a

h 2o

product of coal hydrogenation.
The primary products of hydrogenation

+ CO -> h 2 + co2

to obtain the needed 3/1 ratio of hydrogen
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ing, it does not appear that coal convers

to carbon monoxide.

ion can compete with direct combustion,

Hydrocarbon liquids can be obtained
from synthesis gas by the Fischer-Tropsch

even in cases where much-maligned stack

hydrogenation of carbon monoxide:

gas scrubbing is required by high sulfur
coals.

nCO + (2n+l)H0
z -*-Cn H„z n +,z„ + nH~0
z
This process is employed in the largest

to provide a large fraction of domestic

commercial coal liquids plant now oper

energy needs runs into hundreds of billions

ational, which is located in Sasol, South
Africa.

of dollars.

Direct hydrogenation of coal is

also used to produce coal liquids.

Before making that investment,

alternatives should be considered.

If

For

example, an upgraded, electrified national

carried as far as the production of al

railway network, powered largely by coal

kanes, the reaction is
nCH + (i-n + 1)H0 -> C H0
2
2
n 2n+2

fired electrical plants could provide the
bulk of domestic freight transportation

Normally the hydrogenation is carried

needs and an appreciable fraction of pas

only far enough to produce primarily aro

senger transport.

matic compounds, which requires much less
expensive hydrogen.

The capital costs of a coal con

version industry of sufficient magnitude

In addition it would

enable low cost transport of coal to most

Modern processes

areas of the country having the greatest

call for the production of appreciable

need for energy.

Centralized coal-fired

quantities of valuable methane by rapid,

power plants generating electricity and

high temperature hydrogenation of coal,

piping heat to large apartment and indust

thus avoiding the inefficient, trouble

rial complexes could substitute for much

some methanation of carbon monoxide.

of the petroleum and natural gas now used

The mildest form of coal conversion is

by industry and for home heating.

the manufacture of solvent refined coal.
12. MAJOR COAL CONVERSION PRODUCTS

Coal is slurried with a solvent generated
in the solvent refining process.

The major products of coal conversion

The

addition of hydrogen at elevated temper

depend of course upon the process used as

ature and pressure results in the dissol
ution of most of the organic coal and the

explained above. Liquefaction of coal by
direct hydrogenation yields by far the

generation of more solvent.

greatest variety of chemical products num

sulfide is also produced.

Some hydrogen

bering in the hundreds of compounds.

The product is

The

filtered or centrifuged to remove char

hydrocarbon products of coal hydrogenation

and mineral matter.

may be classified into the categories of

The solvent is then

stripped off for recycling leaving a sol

(1) a light oil stream boiling up to 260°C,

id with a low mineral and water content,

(2) a middle oil stream boiling from 260

appreciably lower sulfur content, and

to 320°C,

considerably higher heat content than the

above 320°C, and (4) a pitch residue sol

original coal.

idifying around 200°C.

This process is essent

(3) a heavy oil stream boiling
The light oil

ially a way of making a premium coal fuel

stream may be refined directly for sale.

from low grade coal.

The middle oil may be refined or recycled
through the process for additional hydrog

At this writing the future of coal con
version remains in doubt, largely because

enation.

of steeply escalating costs.

a slurry vehicle for the feed coal.

In appli

The heavy oil stream is used as
The

cations where the desired product is heat

pitch is burned to raise process steam or

to fire a boiler, or even for space heat

recycled for further hydrogenation.
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13. ENVIRONMENTAL AND OCCUPATIONAL HEALTH
CONSIDERATIONS IN COAL CONVERSION
PROCESSES

14. COAL COMBUSTION AND STACK GAS CLEANING
PROCESSES
Chemical processes are quite important

The gross environmental effects of a

in the combustion of coal and scrubbing of

major coal conversion industry involve

stack gas effluents.

those associated with mining, water use,
waste heat, and solid waste byproducts.

source east of the Mississippi river -

Not the least of these is the waste heat

requires either conversion to cleaner fuels

problem, because even the best processes

or sulfur removal at the time of combust

will lose approximately 35 percent of the
original Btu input as waste heat.

ion.

Despite

furnaces, for the removal of sulfur diox

onmental effects of coal conversion are

ide during combustion.

largely predictable and can be handled

temperature combustion phenomena and inor

However, coal conversion results in the

ganic chemistry involved.

formation of appreciable quantities of

Stack gas scrubbing processes have suf

The nature,

fered from political considerations stem

quantities, and effects of these have not

ming from two differing schools of thought.

been investigated in detail, and they

On one side agencies charged with environ

The design

mental protection have maintained that ad

of a major coal conversion industry must

equate technology exists for effective and

entail careful consideration of environ

economical stack gas scrubbing.

mental chemistry (2) to avoid the creat

bing is plagued with operation problems,

endanger health, cause delays in product

produces stupendous amounts of sludge, and

ion, and be very expensive to remedy.

contributes to water pollution from sludge

Considering all coal conversion pro

leachate.

cesses, the undesirable byproducts to be

Some power interests have tried

to discredit all scrubbing processes as

considered are carcinogenic polycyclic

ineffective, prohibitively expensive, and

aromatic hydrocarbons (known to be pro

damaging to the environment.

duced in large quantities, toxic phenols,

As a conse

quence of their positions, neither side

carcinogenic aromatic amines, odorous and

has pushed for the chemical and engineer

toxic sulfur compounds, metal carbonyls

ing research needed to develop scrubbing

and arene carbonyls, herbicidal and toxic

processes, particularly those based upon

halogenated hydrocarbons, organometallic

entirely new concepts.

compounds, hydrides, organohydrides, and

This situation is

unfortunate in view of the fact that des

miscellaneous "exotic" compounds formed

pite its problems, scrubbing is much more

by reactions of the 50 or more trace ele
ments commonly occurring in coal.

However,

the leading candidate, wet limestone scrub

ion of unforeseen problems which will

simple and efficient than coal conversion

In

and offers the single best hope for the

addition to knowing what kinds of undesir-

utilization of vast domestic high sulfur

able byproducts may be produced, means for
eliminating and preventing their trans

coal resources.
A high priority should be given, there

mittal to products or the environment must
be developed.

Additional re

search remains to be done on the high

with existing technology.

constitute a major problem.

Progress is being made on various

processes, using primarily fluidized bed

their large magnitude, the overall envir

toxic and "exotic" compounds.

Utilization of high

sulfur coals - the major U. S. coal re

fore, to research upon, and development

Worker health must have a

of new, effective scrubbing processes.

particularly high priority.
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15. ADVANCED COAL TECHNOLOGY
A study of coal chemistry in this age
should consider advanced and emerging
technology.

An example of this is mag

netohydrodynamics, which promises to al
most double the conversion of coal chem
ical energy to electricity.

Chemically

MHD involves a very complicated high
temperature system including volatile
alkali metal "seed" compounds.

Coal-

fired fuel cells might even be envisioned.
As research progresses, other advanced
concepts will emerge.
16. CONCLUSIONS
Because of vast domestic reserves,
coal remains the best prospect for U. S.
energy self-sufficiency.

The most effect

ive utilization of this resource requires
the application of modern technologies
for coal combustion, coal conversion, and
advanced coal technology.

These technol

ogies require that persons involved have
a knowledge of the chemistry of coal.
This paper has outlined the basic topics
which constitute a broad coverage of mod
ern coal chemistry.
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APPLICATION OF SPECIAL FLUIDIZED BED
TECHNIQUES TO COAL GASIFICATION
Gary K. Patterson
Department of Chemical Engineering
University of Missouri-Rolla
Rolla, Mo. 65401

ABSTRACT
The properties of fluidized beds can be drastically altered by the insertion of
various types of internal structures. These include screens of all types and
orientations, baffles both horizontal and vertical, and heat transfer surfaces.
Experimental studies of certain of these internals have been carried out at UMR
with the aim of improving the quality of the fluid bed. By improved quality is
usually meant smoother, better controlled fluidization, minimized slugging, im
proved gas-solid contacting, increased or smoothed heat or electrical conduction,
and control of the solids movement pattern.
What has been learned at UMR, particularly with difficult to fluidize materials,
and other data in the literature is applied in this paper to considerations of
the design of fluidized bed coal gasifiers. Implications to several gasifier
design types are discussed. Recommendations for future research work related
to fluidized coal gasifier design are presented with regard to the needs of each
design type.
BACKGROUND
The quality of fluidization which occurs in coal
gasifiers is very poor because of the puff-shaped
particles and very low bulk density of the char
H 2)
produced.' ’ ' In order to improve the fluidiza
tion for the sake of process efficiency and oper
ability, modifications to the bed geometry are
sought which will cause less slugging and channel
ing.
An early recognized problem in fluid bed gasify
ing of coal is the tendency of the coal to cake
and form large agglomerates as it goes through a
soft stage immediately after being fed to the hot
fluidized bed. Each of the present fluidized bed
processes uses some method of pretreating the
coal at a lower temperature before it reaches the
high temperature gasification bed in order to
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volatilize the organic components and remove the
caking tendencies of the softer coals. This process
produces the char which is principally carbon and
ash.
The caking problem is probably compounded by the
slugging-channeling tendencies mentioned above.
Only very high fluidization velocities will main
tain the complete bed in a fluidized state.
An internal modification which offers the possibil
ity of solving both the caking and poor fluidization
problems has been studied using coal char and sev(2)
eral other low density materials' . At one diameter
distances, donut-shaped baffles (orifices) were in
stalled throughout the bed. The orifice to bed
diameter ratio was either 0.33, 0.5, or 0.67, the
0.5 ratio having the most attractive overall effect
on the bed. Figure 1 shows a schematic of the

8-inch diameter bed which was used in the fluidi
zation study, and Table I shows the properties of
the solids fluidized. Table II shows a comparison
of bed height variation and bed expansion for the
solids used with and without 0.5 ratio baffles.
Figure 2 shows a visual comparison of bed behavior
for the various size baffle orifices.

60 pounds/minute. The conversion of the hydrogen
was assumed to be 80%. The kinetic information
for hydrogasification measured by Wen, Abraham,
and Talwalkar© was used to determine reaction
rates. There is some doubt about the translation
of kinetic data obtained in a moving bed to the
fluidized bed application, but since the results
are to be comparative only their usefulness should
not be impaired.

The orifices caused a definite staging of the bed
and reduced the slugging of the bed such that bed
height variations were reduced from 30% to less
than 1%. The solids tended to recirculate with a
high velocity within each stage with some reflux
ing through the orifice holes. This undoubtedly

Bubbling bed. The K-L model for a bubbling fluid
ized bed yields the following design equation:
'bed

caused considerable gas recirculation in each stage
as well, but that has not yet been verified by
experimental measurement. A much wider range of
gas velocities with reasonable fluidization was
possible with the baffles than without them©.

i
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where Kg^ and K ^ are volumetric gas exchange rates
per unit bubble volume as described diagrammatically in Figure 3,
vy and VS are fractions of volume occupied by solids
for regions y and S,

As shown in Figure 1 solids collect on the tops
of the baffles. In the actual process situation
this may present a problem if chunks break off
easily, but should be no problem if the chunks are
stable. Baffles with sloped top surfaces can be
designed into the refractory wall to help avoid
this problem.

Xn is the final conversion of the feed hydrogen,
2
u^ is the bubble rise velocity,
A is a kinetic rate parameter obtained from the
Wen, et al. data and is as follows:
Pc k] f RT
ub Ac Po pc k1 M fin©
A =
(2)

DESIGN CONSIDERATIONS
Besides the possible improvement in operability
which may result from the baffle design discussed
above, there may also be an improvement in the gas
conversion levels in either hydrogasification pro
cesses (Hydrane and Hygas), steam-hydrogen process
es (Battelle, Cogas) or 1n steam-air or steamoxygen gasification processes (COED, Synthane,
Bigas). Application of the Kunii-Levenspiel (K-L)
(3)
model
for a bubbling fluidized bed was made to
obtain an approximation of the bed height necessary
for a given feed gas conversion in order to obtain
a baseline for comparison with a bed baffled as
described above. The hypothetical conditions were
for a hydrogasifier with hydrogen feed at an initial
partial pressure of 10 atmospheres, a bed tempera
ture of 1600°F, and a superficial gas velocity of
3 feet/second. The bed of one foot diameter was
assumed to be fed by pulverized coal at a rate of
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where pc is the carbon particle density,
k.| is the reaction rate constant of approximately
0.2 lb CH4 produced/(hr-lb bed-atm of H2),
f is the carbon conversion where the reaction be
comes diffusion controlled (f = 0.25),
PQ is the initial H2 partial pressure,
Fc is the coal feed rate.
The.reaction rate constant was measured as a func
tion of carbon conversion by Wen, et al. and de
creases significantly as f is approached. Under
the conditions of these calculations, however, f
was not approached - high carbon conversion could
be obtained only under very low feed rates because
the second (diffusion controlled) phase of reaction
is so slow. The second term on the RHS of Equation
(2) was, therefore, much smaller than the first
term.

With the conditions used here the values of the
various terms in the design equation took on the
following values:
u^ = 5.8 feet/second
KgY = 4.5 ft3 gas exchanged/(sec-ft3 bubble
phase)
K 5 = 0.371 ft3 gas exchanged/(sec-ft3 bubble
phase)
v = 0.028 ft3 carbon/ft3 bubble phase
v, = 0.017 ft3 carbon/ft3 bubble phase
6
3
9
A = 0.766 ft H2 reacted/(sec-ft carbon)

Of the above, only the value of v,a could significantly affect the comparison of the design result
with that for a bubbling bed. The v-value of 0.09
is regarded as a conservative value, however, and
could not be in error enough to significantly af
fect the conclusion.
The result of the calculation for the baffled bed
is that a 9.2 foot bed would be required to produce
an 80% conversion of hydrogen. That is significant
ly less than the result for the bubbling bed and is
caused primarily by the improved fluidization and
the hydrogen being forced through the agitated phase.

With those values a bed height of 18 feet would
be necessary for 80% conversion of the hydrogen.

An attempt was made to apply the kinetics de
rived from an alternate set of hydrogasification
data obtained by Lee, Pyrcioch, and Schora©, but
those data must apply only to the diffusion limited
reaction which according to Wen, et al. occurs
above carbon conversion of 0.25. The values were
very low (order of 0.01 lb carbon converted/(lb
carbon in bed'hour-atm H2)) in comparison to the
reaction rate constants found by Wen, et al. for
low carbon conversion.

Baffled Bed. In order to compare the predicted
performance of a baffled bed with the unbaffled
bubbling bed, a model based on the presence of an
agitated phase, through which all gas must pass,
and a dilute phase, through gas and solids recir
culate, as shown in Figure 3.
When a material balance for the hydrogen passing
through the agitated phase is solved for reaction
rate and then rearranged into a design equation
for a baffled bed, the following results:
-bed = ualn(Tor -)(-

V +
'ad

vdA

where ua is the gas velocity through the agitated
phase as indicated in Figure 3,
vg and vd are solids volume per unit agitated phase
volume in agitated and dispersed phases, and
Kgd is the volumetric gas exchange rate per unit
volume of agitated phase between agitated and
dilute phases (see Figure 3).
For use in the equation the following approxima
tions to the values of the constants were made:
3
3
Kgd ~ 6.75 ft gas exchanged/(sec<ft agita
ted phase)
u ~ 4.5 feet/second
a
3
3
vg ~ 0.09 ft carbon/ft agitated phase
vd ~ 0.001 ft3 carbon/ft3 agitated phase
Xu = 0.8

Application of the reaction kinetics at high car
bon conversion would result in predictions of very
high fluidized beds for a given conversion level of
carbon. The bed height ratios for bubbling to
baffled beds would, however, be about a factor of
two as found above. The main advantage of the
baffled bed for the lower section of the bed would
be approximately twice the carbon conversion beyond
0.25 for a given bed height.
The realization of a baffled bed of the fashion
discussed here has been demonstrated for high tem
perature petroleum coking operations, where the
baffles were formed into the wall of a refractory
liner©.
APPLICATION OF BAFFLED BED
TO VARIOUS DESIGN TYPES
The application of the baffled bed to the Hydrane
and Hygas processes would seem from available data
to point to possible inprovement in the process
since they are hydrogasification processes. From
the data of Wen, et al. it seems that the same

H2

A ~ 0.776 ft3 H2 reacted/(sec-ft3 carbon)
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conclusion could be made about the Battelle and
Cogas steam-hydrogen processes, since the C-H2 and
C-H20 reactions occur with the little interference
at similar rates. It is not clear what would hap
pen when oxygen and steam are injected into the
gasification bed (COED, Synthane, and Bigas), be
cause the kinetics are much more complicated and
have not yet been applied to this model of a fluid
bed. The improved gas-solid contacting baffled
would probably be an advantage in those processes
as wel1.

REFERENCES

ADVANTAGES OF THE BAFFLED BED
1. More staging to allow greater temperature grad
ient in the bed upper zone for pretreatment of
fresh coal.
2. Improved operability because of less slugging
and bed height variation.
3. Greater conversion of gas/bed height because
of greatly improved contacting.
4. Improved carbon conversion because of 3, and
better bed staging to prevent mixing.
FURTHER RESEARCH NEEDED
In order to further investigate the applicability
of this fluidized bed design, or modifications of
it, to coal gasification, a combination of much
more thorough experimental and modeling work is
needed. Experiments should be conducted to deter
mine solids and gas movement patterns within the
bed with various baffle hole sizes in order to sup
port a detailed hydrodynamic model investigation
of the reactor behavior, making use of kinetics
which have been established for hydrogas'ification,
steam-hydrogen gasification and other schemes. If
this type of fluidized bed design is proven to be
feasible, the modeling effort will provide the in
formation for scale-up in designing large units.
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Table 1. Solids Properties
Cumulative Weight Per Cent on Screen
Screen Size
Dm

Tyler

2380
1410
840
420
297
250
212
177
149
105

8
12
20
35
48

74
44

Petroleum
Coke

Coal Char

Sawdust

9.6
24.2
45.8
73.6
85.6

0.5
14.8
67.1
94.7
99.1

92.7

99.7

12.5
65
80
100
150
200
325

Shape

43.2
68.9
90.4
98.0
99.8

97.2
99.8

Spherical

Bulk Density
(Poured) g/cc

0.95

Puffs &
Fines

Fibrous (to
L/D of 5)

0.16

0.33

Table II. Bed Height Variation
and Bed Expansion with and without Baffles
Solids Type
Petroleum Coke
Petroleum Coke
Coal Char
Coal Char
Sawdust
Sawdust

Baffle Openinq

uqS

No Baffle
0.5 D
No Baffle
0.5 D
No Baffle
0.5 D

ft/sec
3.1
3.1
3.1
3.1
6.6
6.6

where D is column diameter
uQ is superficial gas velocity
H is bed height
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H /H
.
avq rest

AH/Hrest

1.57
1.40
1.47
1.60
1.38
1.61

0.44
0.03
0.40
0.01
0.30
0.04

Figure 1.

Fluidized bed apparatus.
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GAS EXCHANGE
Kad

REAL BUBBLING BED
W/O BAFFLES (BUBBLES
RISE AT VELOCITY UD)

K-L MODEL FOR BUBBLING
BED

D

Figure 3. Schematics of the real and model versions of the baffled and bubbling beds.

6-cm Orifices, Char

(0.33D)
Figure

10-cm Orifices,Char

14-cm Orifices, Char

(0.5D)
2.

(0.67D)

10-cm Orifices,Coke

(0.5D)

Comparison of wall baffle effects for 6-cm, 10-cm, and 14-cm orifice sizes for coal char, and for the
the 10-cm orifice for petroleum coke.

128

THE STATUS OF AND NEED FOR
NEW COAL GASIFICATION TECHNOLOGY

Jirrmie R. Bowden
Conoco Coal Development Company
Stamford, Connecticut

Abstract
Movement toward a domestic coal-based energy policy has been barely perceptible
since the Arab oil embargo of 1973-4. Rapidly declining supplies of natural
gas for small businesses and residential uses can be supplemented by coal
gasification or replacement of gas by coal as a power generating fuel. At this
time it probably is the better choice to use coal to generate power instead of
gas. Second generation coal gasification processes under development with ERDA
financial help will not change this balance in the next 10 years if at all.
1.

INTRODUCTION

The Arab oil embargo of late 1973 and early 1974
alerted the general public to the dependence of the
U. S. on external supplies of oil. The unfamiliar
complexities of proved reserves, undiscovered re
sources and producability of oil and gas, coupled
with a residual credibility gap, caused the public
to doubt the gravity of the situation. However,
there is a general recognition of the fact that
domestic coal reserves are at least an order of
magnitude greater than domestic oil and gas re
serves and that at some time in the future the
nation must increasingly turn to coal.

generation gasification processes are under devel
opment with heavy government support through the
Energy Research and Development Administration
(ERDA) but none of these processes were selected
for the ERDA demonstration plant program. Instead,
the nod went to two first-and-a-half generation
processes which have had little or no federal sup
port in the past.
3. THE STATISTICAL CASE FOR INCREASED COAL USAGE
FIGURE 1 shows the recent history of energy con
sumption in the United States and projects future
consumption at two growth rates, 2.0 percent and
2.9 percent per year, both of which are lower than
historical precedent. It is suspected that hind
sight will show the lower of these two curves to
have been the more appropriate. This chart is one
year old and slightly overstates 1975 consumption.
However, 1976 usage appears to be close to the
trend line so FIGURE 1 has not been updated.

2. EARLY HOPES FOR ENERGY INDEPENDENCE HAVE FADED
At first, governmental action seemed likely to
generate a strong response leading to increased
coal utilization. The existing natural gas dis
tribution network and acknowledged shortage of
natural gas to fill the pipelines emphasized the
value of a relatively new and untried technology—
the manufacture of high Btu substitute natural gas
from coal. Over-optimism on the state of the art
and the economics of coal conversion, coupled with
high estimates of future energy usage, yielded of
ficial forecasts of a great nurriber of huge SNG
plants dotting the western landscape in just a few
years.

FIGURE 2 shows that between 1975 and 1995 we will
consume 1,848 Q of energy at a 2 percent per year
increase in usage or 2,059 Q at 2.9 percent growth
rate. A Q is 1015 Btu.
The bottom of the oil and gas resource bars re
presents the equivalent energy which can be ob
tained from proved reserves with today's technology
and today's price level. The upper portion of the
bar represents the estimated yet-to-be discovered
reserves, most of which will be economically re
coverable only at costs above today's average
prices.

Now three years later, it is apparent that little
real progress has been made. More realistic cost
and demand estimates place the immediate future of
large-scale coal gasification in serious doubt.
No commercial gasification projects have been com
mitted to construction. Several so-called second
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The oil and gas data are based on a 1975 study by
the National Academy of Sciences entitled "Min
eral Resources and the Environment." Deliverability from oil and gas reserves is the ultimate
limitation on the utility of these resources, and
less than half of our total oil and gas reserves
can be made available for use during this time
interval.

from coal in the same period. In the shorter run,
the contribution from coal will be more sub
stantial.
4. TWO ALTERNATIVES FOR
INCREASING COAL CONSUMPTION
There is an alternative to immediate large-scale
conversion of coal to oil and gas which can be
recognized after a short trip through the stati
stical topography of energy consumption in the
U. S. Only the Mt. Everests of energy consumption
need be considered for it is there, in the true
tradition of cost/benefit analysis, that the most
short-term help for the energy dilemma will be
found.

The proved uranium reserves of 101 Q are based on
an October 1975 report by the Grand Junction,
Colorado, office of ERDA and on conversion to.
electricity in the present open fuel cycle, light
water-moderated nuclear reactor.
The top part of the bar represents additional re
serves estimated to be made available from future
discoveries and either 40 percent increase in
price over today's spot price— or a use of spent
fuel reprocessing and 60 percent Plutonium re
cycle. If the breeder reactor becomes a reality,
the 703 Q number can be increased by an order of
magnitude.

FIGURE 3
Electric power generation is the energy hog in our
economy, and although these data do not show it,
the percentage of the energy budget consumed by
electric power generation has been increasing
steadily through the years and probably will con
tinue to do so for the next decade at least.

The coal resource bar represents industry inter
pretation of U. S. Geological Survey data but
does not reflect analysis of the USGS1s most re
cent report which indicated an increase of appoximately 23 percent in U. S. coal resources. On
this basis, 3,300 Q are recoverable at about to
day's costs, while an additional 28,700 Q are
known to be recoverable at higher costs.
While the proved reserves of shale oil which can
be produced at today's energy prices is zero,
FIGURE 2 shows a substantial reserve of 447 Q
which is defined as those proved reserves which
can be recovered with today's technology at a
cost disadvantage no greater than the government's
eventual willingness to cover by overt or convert
subsidy. The top portion of the bar includes
additional reserves which can be created through
technological innovation at approximately the
sane cost.
Consideration of FIGURE 2 substantiates the esti
mates of 1985 energy mix shown in FIGURE 1. This
consumption mix that requires the optimistic
prediction that domestic oil production, includ
ing from Alaska, will stay at about the 1975
rate; gas production will decline only moderately;
coal and nuclear power will significantly in
crease their contributions; and imports— chiefly
of oil, but some of gas— will make up the
difference.

Only about 950 power stations consume 28.3 percent
of energy, while it takes several hundred thousand
industrial plants to consume 26.6 percent of en
ergy. Individual consuming units in the trans
portation and household/conmercial sectors numiber
upwards of 50 million in each category. Energy
consumption concentrations of around at 1,000
times greater than in other sectors exist in the
power generation sector of the U. S. economy.
FIGURE 4
FIGURE 4 shows that the power industry still runs
on fossil energy. Nuclear power hasn't made much
of a dent although some day soon— maybe in 1977—
nuclear power will generate as much electricity
as water power.
FIGURE 5
Most fossil energy comes from coal, but each year
nearly 300 million tons of coal equivalent are
consumed in the form of oil and gas. If oil and
gas could be replaced with coal for power gen
eration, it would have taken a giant stride to
wards energy independence.
There are five key parameters:

The country must reverse its post war trend to
ward gas and oil and count more heavily on coal
and nuclear energy, the only domestic energy re
sources which can have a significant impact on
the vulnerability to oil embargoes in the short
run. Nuclear energy now contributes less to our
energy budget than hydroelectric power, and de
spite some impressive percentage growth from this
tiny base, the incremental energy added by nu
clear power in the next 10 years will only be
about equal to the incremental additional energy

Capital Cost
Operating Cost
Technical Risk
Resource Depletion
Institutional Constraints
involved in two possible ways of getting more oil
and gas into other consuming sectors. The two
methods chosen for comparison are:
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gas-fired power plants in the coal competitive
area, thus freeing up 2,600 MMSCED of gas for
other uses than it is to build plants to gasify
coal to make a similar amount. If a life-cycle
cost analysis was made which properly reflects
the longer life of the power plants and gives
credit for the salvage value of the gas-fired power
plants, conversion by replacement would have a
clear capital cost advantage.

(1) Synthesis of oil or gas from coal
(2) Conversion of power generation from
oil or gas firing to coal firing
The problem can be simplified by looking at only
gas replacement within the geographical area con
sidered "coal competitive" which is the area in
which power generated from coal is roughly cost
competitive with power generation from oil and gas.
This definition greatly understates the potential
for coal replacement as power companies in the
traditionally non-coal competitive area of the
West-South-Central region already are turning to
coal for new facilities. This severe restriction
reduces the replacement potential to 44 million
tons per year of coal equivalent, or 60 million
tons per year if Western coal is considered as the
marginal source.

Resource depletion is 50 percent greater in the
case of gasification as 90 million tons of gas
ified coal are required to do the work of 60
million tons of burned coal. IGT estimates
operation and maintenance of a coal-fired power
plant at 1.8 percent of investment, annually.
The same factors are estimated to equal 7 percent
in a coal gasification plant. Neither of these
figures address the extra operating costs of min
ing 50 percent more coal if the gasification
route is chosen. Coal gasification technology can
be made to work, but it is substantially less
secure than coal-fired power plant technology.

A further simplification— let's not bother with
conversion although this frequently can be accom
plished for less than half the cost of a new
plant— let's look at new coal-fired power plants
to replace gas-fired plants. Now compare the
technical, financial, institutional and coal sup
ply problems of alternative 1 with alternative 2.

Objectively, these two alternatives can be com
pared as follows:
Capital Cost - equivalent
Operating Cost - favor of coal-fired power
plants
Resource Depletion - favor of coal-fired
power plants
Technology - favor of coal-fired power plants

FIGURE 6
FIGURE 7
Capital costs in 1975 dollars of a 1,000 MW coalfired power plant are estimated at $650 MM; for
coal gasification plants at $835 MM for a 250
MMSCED high Btu plant; and for a western sub
bituminous surface mine at $10 MM per annual mil
lion tons of capacity. The first two costs are
estimates provided by the Institute of Gas Tech
nology (IGT), and mining cost estimates are pro
vided by Consolidation Coal Company.

Net analysis— don't build any coal gasification
plants for purposes other than information until
all natural gas has been displaced from utility
boilers.
Why doesn't the United States move forcefully
ahead on the preferred course? The answer is
institutional— the one factor of the five listed
earlier that is not mentioned above.

Mechanical availability of a new coal-fired power
plant should approach 80 percent and if operated
as a base-load facility, should achieve the 64
percent operability that is assumed. Most coal
gasification plants are designed at about 91 per
cent stream factor, but first generation plants
probably will have a hard time surpassing an 87
percent stream factor.
Conversion efficiency from coal to high Btu gas is
estimated by IGT to be 65-70 percent, while con
version of coal to electricity is slightly more
efficient than the conversion of gas to electric
ity. Therefore, going the gasification route will
require 1.5 tons of coal to replace 1.0 ton of coal.
converted to electricity.
The following capital cost comparison assumes
Western coal as the ultimate energy source:
FIGURE 8
Now, the only conclusion that can be drawn from
this FIGURE given the speculative nature of the
data— particularly from the gasification side— is
that it is no more expensive to throw away all
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Americans don't like the word "allocation" and
allocation of resources— which is exactly what is
indicated— just isn't practical until the situa
tion becomes so critical that a national concensus
can be built. It is far easier to continue the
waste and spend money inefficiently than to step
up to the problem of end use control in energy
consumption.
5.

SOURCE OF FUNDS FOR THE NECESSARY ACTION

Who will pay the bill of $11 billion? The same
person who always pays— the consumer and tax
payer. As a matter of equity, the nation as a
whole— the federal taxpayer— should pay some sub
sidy for this partial solution to the national
■energy problem. The easy way to do this is
through a capital grant to the power utility
Ibuilding the new coal-fired power plant. This
| grant should recognize the value of the facilities
| discarded in terms of age and replacement value
not in terms of historical cost. This is a knotty
problem, but after all there are not too many
power plants involved and the greatest leverage

exists here— all other problems of equity deter
mination are more difficult. Power generation is
a regulated industry— a little more regulation in
the long-term best interests of all should not be
too onerous.

A significant process variation of the basic Hygas
process, the Steam-Iron process, is in the preliiminary testing phase. The Bituminous Coal Research
Corporation Bi-Gas pilot plant at Homer City,
Pennsylvania, was dedicated last month. The pilot
plant testing the Office of Coal Research's
Synthane process at Bruceton, Pennsylvania, is
mechanically complete and is now in the hot test
ing stage. As none of the last three processes
have been operated at the pilot plant scale, there
is no further comment on their technical config
uration or possibilities of technical success.

6. RESEARCH IMPLICATION OF AN ALLOCATION STRATEGY
Does this program eliminate the need for coal gas
ification? Not at all, it merely defers it for a
few years, probably less than five. That is ben
eficial as we probably are not going to find or
make as much gas as we need if we keep burning it
to make power. The choice is whether the gas under
the boilers will be turned off in an orderly effi
cient manner or whether it will be turned off in a
chaotic, inefficient manner.

8.1 The CO2 Acceptor Process
In the C02 Acceptor process, calcined dolomite is
showered-through a fluidized bed of char operating
under gasification conditions. Sensible heat con
tained in the dolomite plus heat generated from
the reaction of dolomite with C02 is sufficient to
sustain the endothermic carbon-steam reaction.
The product gas is rich in methane and has a very
low CO/H2 ratio. Spent dolomite is regenerated
in a separate vessel using air and high ash char.
Flue gas from the regenerator is not mixed with
product gas from the reactor.

This logic applies equally well to oil-fired power
plants. In this case, the economics are even
more compelling as the nationwide cost of oil for
power generation is nearly three times as high as
coal for power generation. There is a limit to
how much oil and gas can be replaced by solid coal
as cyclic and peaking power loads can be handled
more easily by gas-and-oil-fired power plants
which are more responsive to load changes. It is
not known exactly what the limits of load level
ing are because incentive pricing, except for cer
tain large industrial customers, has not been
tested extensively. But coal is not eliminated
even in these cases because high Btu gas and meth
anol, co-produced in the same plant at about the
same cost per Btu, are both adaptable to combined
cycle power plants and therefore can fill the gap
in this segment of power generation.

Salient process features and limitations are the
elimination of the necessity for oxygen manu
facture, elimination of liquid and semi-solid
tarry by-product streams, significantly reduced
environmental effluent problems but inability to
process the less reactive bituminous coals which
predominate east of the Mississippi River. This
process has successfully demonstrated the gasifi
cation of low sodium lignites and is now operat
ing to generate design data and to determine
process limitations on high sodium lignites and
sub-bituminous coals.

7. ADVANCED COAL GASIFICATION TECHNOLOGY
Several developmental coal gasification processes
have reached the pilot plant or later stages of
development. Even a pilot plant in this business
requires a very substantial investment both in
capital and operating expense, and it is doubtful
that any pilot plant program will be completed for
less than $50 MM. The ERDA process development
hierarchy requires the successful operation of a
demonstration plant which is intermediate in size
between a pilot plant and a commercial plant. The
scale-up factor between pilot plant and demonstra
tion plant is perhaps 40 to 1 in physical terms
and 10 to 1 in cost. The scale-up factor between
demonstration plant and commercial plant is per
haps 4 to 1 in physical terms and 3 to 1 in cost.

8.2 The Steam-Oxygen Hygas Process
The configuration of the Hygas process which can
be used to gasify agglomerating coal involves a
three-stage reactor which progressively pretreats,
gasifies and hydrogasifies ground and seed coal.
Char discharged from the bottom of the reactor
| complex is reacted in a separate vessel with
i steam and oxygen to generate the hydrogen rich
gas required for operation of the hydrogasifier
portion of the main reactor. .
This process, which operates under much more
severe gasifier conditions than the C02 Acceptor
process, is capable of gasifying lignite, sub
bituminous and bituminous coal. The develop
mental program on lignite is complete and the
technical feasibility of gasifying bituminous coal
has been demonstrated. Work continues to deter
mine design parameters for processing bituminous
I coal.

8. PILOT PLANT PROCESSES
At present there are five processes in ERDA's
pilot plant stage and none in EHDA's demonstra
tion plant phase although ERDA is negotiating with
two consortia for demonstration plant programs.
Of the five pilot plant processes, only two have
operated successfully to date. These are the C02
Acceptor process— operated by Conoco Coal Develop
ment Company in Rapid City, South Dakota, and the
Hygas Steam-Oxygen process— operated by the
Institute of Gas Technology at Chicago, Illinois.

8.3 Status of the Pilot Plant Program
It is economically impractical as well as un
necessary to carry the development of all five
processes through the pilot plant phase. ERDA is
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attempting to evaluate the technical and economic
potential of these processes with the purpose of
eventually discontinuing support for one or more
of the processes. C. F. Braun and Company of
Alhambra, California, has been selected to monitor
the overall gasification pilot plant program and
to evaluate technical and economic factors asso
ciated with the various processes. This eval
uation is much more complex than you might imagine.
The processes are quite varied in their approach
to gasification as well as in their stage of de
velopment. Any single set of guidelines must
invariably favor one process or another. The
corporate philosophy and experience of the pilot
plant contractor will influence the non-statistical and perhaps even statistical input provided
to C. F. Braun for evaluation. At this stage, of
the game, the subjective views of operators and
C. F. Braun are of considerable importance.

of this report that the Hygas process would have
been chosen as an additional process or in place
of one of the two selected had its financial back
ing been equal to either of the two selected.
9.1

The COGAS Process

One of the proposals selected was submitted by the
Illinois Coal Gasification Group, a consortium of
the five Illinois gas service utilities companies.
ICGG proposed using the COGAS process with tech
nical support from the OOGAS company and Dravo.
Quoting from Dr. Seamans' report: "The ICGG pro
posal contemplated pyrolysis gasification with
steam modulated methanation. The demonstration
plant would consume 2,200 tons of Herrin No. 6 or
Harrisburg No. 5 coal (4 percent sulfur) per day
to produce 18 million cubic feet per day of syn
thetic natural gas together with assorted by
products. The demonstration plant would consist
of one train utilizing one gasifier, to be con
structed in Perry County, Illinois.

The first major economic evaluation report by
C. F. Braun is in the draft stage and subject to
revision. Nonetheless, from this draft report,
it is possible to draw some important general con
clusions. First, if Western coal is selected as
the feed coal, some of the processes may produce
gas more cheaply than the available Lurgi process.
Others, even if successfully developed, will not
be as economical. If, alternatively, strongly
caking Eastern bituminous coal is selected, some
processes— notably the CO2 Acceptor and the Lurgi
processes in their present configurations— will
operate poorly or not at all. Cost differentials
as great as 40 percent are shown among the five
developmental processes so it should be possible
to terminate support of at least some of the
processes without significant risk of eliminating
a process superior to all of the remaining pro
cesses. In any event, no more than the FY 1977
should be required to make that decision.

The proposed process is an integration of the COED
process previously piloted by ERDA and the OOGAS
process now in developmental pilot plant status in
Leatherhead, England. Each major portion of this
process has been operated successfully but not
together in the same process stream. Accordingly,
the proposed plant is based on solid design and
operating data and is considered to have a good
probability of success even with the high risk
involved in the integration operation. The COGAS
pilot plant would be made available to ICGG for
generating design data and other testing and Dravo
would furnish engineering'and design services for
the project. The scaling factor from pilot to
demonstration plant is 1 to 25."
9.2 The British Gas/Lurgi
Slagging Gasifier Process

9. DEMONSTRATION PLANT PROCESSES

The second proposal accepted was that of a con
sortium of nine companies headed by Conoco Coal
Development Company. This group proposed a
slagging version of a conventional Lurgi gasifier
and is supported by Lurgi, British Gas Corpora
tion and the Foster Wheeler Energy Company. Quot
ing fran Dr. Seamans' report: "Conoco's demonstra
tion plant would utilize a Lurgi slagging fixed
bed gasifier with methanation hot gas recycle. It
would consume 3,800 tons of Ohio No. 9 coal (4.4
percent sulfur) per day to produce 59 million
standard cubic feet per day of synthetic natural
gas plus assorted byproducts. This proposed
demonstration facility would contain one train
consisting of three gasifiers and one spare to be
constructed in Noble County, Ohio.

In October 1975, ERDA issued a Request for Pro
posal for the design, construction and operation
of a pipeline gas demonstration plant capable of
processing high sulfur coking bituminous coal.
The terms of the RfP eliminated the C02 Acceptor
process because of its ability to gasify only
lignite and sub-bituminous coals. In February
1976, five industrial consortia submitted pro
posals. Two of the submissions proposed using
processes represented in the current ERDA pilot
plant program while three of the submissions pro
posed processes which had received little if any
federal funding. In June 1976, ERDA selected
two proposals for further negotiation and these
negotiations began last month. Dr. Robert
Seamans, Administrator of ERDA, issued a wellreasoned 13-page analysis of the ERDA decision
making process. In this analysis, Dr. Seamans
explains why the Hygas Steam-Oxygen process, the
only process in the ERDA program other than the
002 Acceptor process which has successfully
demonstrated its ability to gasify, was not
chosen. Essentially, the Hygas proposal failed
not on technical grounds, but on deficiencies in
its financial backing. It is my interpretation

Conoco's proposed process is based in large part
upon the British Gas Corporation pilot plant work
with a Lurgi slagging fixed bed gasifier in
Westfield, Scotland, which plant would be avail
able to support Conoco's design effort. This
process is a modification of the Lurgi process
now in corrmercial use in Europe and South Africa
and would, except for the gasifier, be constructed
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with comnercially available equipment and process
es. Conoco would obtain engineering services from
Foster Wheeler, an experienced firm in this area.
The scaling factor from pilot to demonstration
plant is 1 to 2.8."
9.3 Status of the Demonstration Plant Program
Negotiations are now in progress with both con
sortia and the original proposals may undergo some
modifications. It is by no means certain that the
desires of all participants can be accomodated
and the approvals of all regulatory bodies obtain
ed. Nonetheless, there is a 85-90 percent prob
ability of successful contract negotiation with
both groups by January 1, 1977. From that date,
some eight to nine years of development effort
will be required to complete the demonstration
program outlined by ERDA. At this time, ERDA has
approval to build only one demonstration plant,
but hopes to secure approval to build two in the
near future.
10.

CONCLUSIONS

'

First: Substantial quanties of high Btu gas can
be made available in the near future by converting
gas-fired power generating stations to coal (or
replacing them) or by constructing conventional
Lurgi gasification plants. The first of these
two alternatives probably is superior to the
second.
Second: High Btu gas from any new process likely
to be available for cotrmercial production by 1990
will be only slightly cheaper than presently
available Lurgi technology usable on most coal re
serves west of the Mississippi. Arguments against
building Lurgi plants now and risking obsolescence
by second generation plants are the reddest of
herrings. If, however, for any reason, the use of
Western coals is foreclosed for gasification pur
poses it will need new processes as low ash fusion
point caking coals are not processed well in Lurgi
reactors. The requirement for new processes will
be a man-made political requirement, not one based
on technical deficiencies or lack of resources.
Third: Any way you slice it, more coal is going
to go into the U. S. energy supply mix, gas and
oil will become more premium fuels, and end use
controls either by administrative regulation or by
sharply and differentially rising prices are a
part of your future. Furthermore, even the cheap
est form of energy will be much more expensive a
decade from now.
Last: This nation has the technical and mineral
resources available to live a satisfactory and
enjoyable life without obeisance to any foreign
power if our leaders and we as citizens are pre
pared to do the work and share the increased,
though not prohibitive costs, of providing appro
priate future energy sources.
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TECHNOECONOMIC ASPECTS OF PHOTOVOLTAIC ELECTRIC POWER SYSTEMS (PEPS)

Jerry 0. Bradley and Dennis R. Costello
Midwest Research Institute
Kansas City, Missouri

Abstract
The economic feasibility of central photovoltaic power plants is investigated from
the perspective of an electric power utility company. The maximum acceptable price
of the system is established, as a function of conventional fuel costs. Factors
which would enhance the economic attractiveness of the system are analyzed. These
include: increases in conventional fuel costs, decreases in photovoltaic system
costs and subsidies to attract utility companies.

1.

justifiable investment and the key variables that
may influence the investment decision in the future.

INTRODUCTION

If photovoltaic electric power systems are to pro
vide a significant portion of our future energy
needs, they must be accepted and integrated into
the electric utility industry.

To achieve the study objectives, a computer cost
model was developed which calculates the maximum
dollar amount that a utility would invest in a cen
tral photovoltaic power plant as a function of
levelized fuel costs. The model approach is de
scribed in Section 2. The model results are com
pared to current conventional fuel costs and photo
voltaic system costs in Section 3. Factors that
may improve the economics of photovoltaic central
power stations are described and analyzed in Sec
tion 4.

Midwest Research Institute (MRI) has recently
completed an evaluation of the economic and insti
tutional factors associated with the development
of photovoltaic electric power systems. This
activity was one aspect of a conceptual design and
systems analysis performed under subcontract to
Spectrolab, Inc., for the U.S. Energy Research
and Development Administration (ERDA Contract No.
E(ll-1)2748) . Much of the analysis presented in
the paper was conducted under this ERDA fcontract.

2.

THE APPROACH

2.1 ASSUMPTIONS

The rate at which photovoltaic electric power sys
tems (PEPS) are integrated into the electric util
ity generating mix will depend upon many factors,
especially the after-tax benefits to the utility.
The major benefits of PEPS to the utility are
(1) cost savings resulting from displacement of
costly fuels and possibly (2) displacement of con
ventional generating capacity. The maximum justi
fiable investment by a utility in a PEPS is equal
to or less than the present value of these bene
fits. However, there may be additional benefits
of PEPS to society that are not factored into a
utility's investment decision. The objective of
this study is to estimate the value of the maximum
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The utility investment decision process is complex
and affected by a variety of factors which are
unique to each individual utility. Thus, several
simplifying assumptions were required in complet
ing the analysis of PEPS from a utility viewpoint.
These assumptions are outlined below.
(a)
PEPS combined with a battery storage is
not cost-effective. The addition of battery stor
age to a PEPS is extremely expensive. This in
crease in cost is due to high inverter ($231/kw
vs. $141/kw without storage) and storage battery
costs ($68/kw-hr). If storage was sufficiently

cost-effective to be added to PEPS to meet required
reliability and, thus displace capacity, the same
storage without PEPS would also allow capacity to
be displaced. For example, storage could be
charged during off-peak time by idle low-cost
base capacity. Thus, the advantage of PEPS plus
storage, as a capacity displacer, could be achieved
with the addition of storage to the existing con
ventional system. However, this argument does
not mean that in all cases PEPS becomes uneconomi
cal because storage charged by off-peak base is
more attractive. It simply indicates that PEPS
plus storage turns out to be too expensive as a
reliable capacity addition for electric utili
ties. Since PEPS plus storage appears too
costly, PEPS plus conventional backup alterna
tives should be analyzed for possible costeffective combinations.

(d) The revenues to the owner of the PEPS are
always sufficient to allow the full advantage of all
tax benefits associated with the PEPS. We have
chosen not to consider the effects of the investment
in PEPS upon rate base, rate adjustments, and the
fuel adjustment factor for utilities. These fac
tors, which affect revenues, are recognized as being
extremely important. However, for the sake of
simplicity, these factors were assumed constant and
thus did not enter the analysis.
(e) The tax structure does not change over
the useful life of the PEPS. Although such stagna
tion may not be likely, it is essential for mean
ingful analysis.

(f) Sufficient financing is available to
the investor in the form of debt or equity. (The
rate of return required by both debt and equity
remains constant over the life of the investment,
(b)
The combination of PEPS plus gas turbines
as does the ratio of debt financing to equity
for backup creates generating capacity which has
financing.) It is recognized, however, that
nearly the same performance and reliability aspects
financing the future investment in new generating
as an intermediate coal-fired plant. Since the
capacity
will likely be a major problem to the
gas turbine, at $125 to $150 per installed kilo
electric utility industry.
watt is less expensive than the coal-fired plant
at $400 to $600 per installed kilowatt, a credit
(g) Fuel is always available at the assumed
should be allowed to the PEPS gas turbine com
price. The added value of the energy from a PEPS
bination for the difference in these costs:
during periods of fuel shortage is not considered
in this analysis.
"intermediate coal' credit to
= fired capacity cost
PEPS and
2.2 METHOD OF ANALYSIS
. ($/kw)
gas turbine^
Because of the assumption that PEPS with gas tur
bine backup is a fuel displacer as well as a
capacity displacer, there are two factors which
provide value to the electric utility. One factor
is the net after-tax benefit of the fuel saved
(c)
A major portion of the value of the PEPS
over the life of the PEPS. The other factor is
to the electric utility is the reduction in vari
the difference between the total present value of
able operating costs (mostly fuel). This value
the cost of coal and gas turbine generating
of PEPS can be expressed by a single-valued levelcapacity. The difference in capacity costs is
ized* cost expressed in mills/kw-hr. The amount
derived from subtracting the total present value
and value of the fuel displaced by PEPS are com
cost of gas turbine backup capacity from the
plex functions of insolation patterns, the load
total present value cost of the coal capacity
duration curve, the generation mix, and the dis
(each cost adjusted for the tax effects on capi
patch schedule for each individual utility. The
tal costs). The value of PEPS to the utility can
number, size, and type of generating units will
be expressed as:
change with time as a utility adjusts to expected
long-term changes in fuel prices and availability.
Present Value of
Maximum
We have chosen to simplify this complex situation
Displaced Variable
Acceptable
Price
by assuming that the value of all fuels displaced
Operating Costs ($/kw)_
of PEPS ($/kw)
by PEPS can be expressed by a single-valued func
tion which is representative of the levelized,
Percent Value of Operation!
weighted average value of the reduced operating
and Maintenance Costs
costs. Expressing the value of PEPS in this
($/kw)
J
manner greatly simplifies the analysis, yet
allows valuable Information to be generated.
"gas turbine
backup capacity
_costs ($/kw)

* Levelizing changes a non-constant stream of cash flows to a constant stream of cash flows, having
same present value.
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Intermediate
Gas Turbine
Backup Capacity
Coal Capacity
~
.(Capital) Costs ($/kw)
(Capital) Costs ($/kw)

Cost of Fuel

Operating and Maintenance
Costs on PEPS

+

The Tax Benefits of Depreciation
Therefore, the maximum acceptable price for PEPS
is equal to the total present value of the fuel
displaced by a PEPS less operation and maintenance costs of PEPS, plus the capital cost savings
of the gas turbine backup over intermediate coal

Investment Tax Credit
q Cost of Gas Turbine
Capacity

+

Cost of Insurance

-

Cost of Coal
Capacity

Cost of State and Local Taxes
The economic model used in this study is based on
an economic model presented at the 1975 UMR/MEC
Energy Conference.* The original model was de
signed to determined the effective life cycle cost
of various on-site solar electric systems. Equa
tion 23 in the 1975 UMR/MRC paper repeated below,
expresses the present value of the total cost to a
corporation of owning and operating a solar energy
system. Definitions of all terms used in the
following equations are defined at the end of this
paper.
P.V. of Total Cost
Corporate

By setting total cost equal to zero (the point
where the utility would be indifferent to PEPS),
this equation may be rearranged as follows:
Fuel Savings

Financing Costs

Tax Benefits of
Depreciation

Operating and Maintenance
Costs
Investment Tax Credit

[U -V V d + rs<is]

Cost of Insurance

Cost of State and Local Taxes
Cost of Gas Turbine Capacity

m+n

[Lkf i

a r r kp r ]J

(l+ck)(m-a)+n
+ c/

+ [1-TC]
(1+Ck}t

d +ck)t

[1-Tcl

Using the terms contained in Equation 23 of the
UMR/MEC paper, the above expression can be
written as:
mfn

mfn

(1+ck) r - tc

J([ ( l - T c ^ D r D + *ar sl CKf J

P(K)
m-o
(l+ck)

\

(23)

(l+ ck )m-a+n “

t 1 " Tc ^ ^

(l+ck !)L

Dt+(Et - V .+

i > Tc]

*1+c/

If the credit for displacement of coal capacity and
the cost of insurance, as well as state and local
taxes, are included, Equation 23 may be stated in
simple, after-tax, present value terms as:
Financing Costs

(i+ L )C 1

l

The remainder of this section develops the modifi
cation of Equation 23 to express an estimate of
the maximum price that an investor-owned utility
would pay for a photovoltaic electric power
system (PEPS).

Total Cost

Cost of Coal Capacity

P(K+CG-CC)

(l+ck)m‘ a
"v

+

(k+cg -cg )(1-t c)

(p) (a) I

ti (1+Ck>cj

i

CG+CC

* "Evaluating the Total Cost of an On-Site Solar Energy System," by Dennis R. Costello and Jerry 0.
Bradley, Proceedings of the Second Annual UMR-MEC Conference on Energy (Western Periodicals,
North Hollywood, Cal.) 1976.
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+

Solving for K yields the equation in footnote.*
The equation for the maximum allowable price of
PEPS may be expressed in an after-tax manner which
has some intuitive appeal, and is shown in foot
note.**

Substituting from Equation 2 from the cited refer
ence, the above equation may be solved for K, the
nominal value of all construction expenditures.
1
(2)
a

From the statement expressed in the footnote, it
can be seen that the maximum justifiable investment
in a PEPS is equal to the sum of the net capacity
credit and the after-tax value of fuel saving, less
after-tax operating and maintenance costs associ
ated with the PEPS. This net savings is adjusted
on a per-dollar-of-investment basis for the after
tax cost of financing, insurance and state and
local taxes, plus the tax benefits of depreciation
and the investment tax credit.

<-1+ck)t

This is the maximum justifiable investment in a
PEPS and is directly comparable to the engineering
cost estimate to be discussed later in this paper.
If we define the following new variables:
m+n
S4

i
(1+Ck)t

nri-n

s5

_ Y

t^m

s6

For the sake of convenience, the above relation
ship was computerized to allow sensitivity analyses
to be performed. Of particular interest was the
effect of fuel cost and various tax incentives on
the maximum allowable price of a PEPS. The re
sults of exercising this cost model are discussed
in the remainder of this paper.

ct
(l+ck)t

m4-n C0t+Cmt
TTFcpt
- i
t=m

3.

(Et-Ft)

TECHNOECONOMIC ANALYSIS

3.1 VALUE OF PEPS TO THE UTILITY

(i+Cfc)1
The preceding analysis derived an expression of
the life cycle after tax value of PEPS to a
utility. Although other factors such as uncer
tainty and available financing will affect the
investment decision, the maximum allowable price
of PEPS, as previously derived, is a reasonable
indicator of the attractiveness of PEPS.

the equation may be simplified and solved for K,
the maximum acceptable price of PEPS.

S1 {[(1-Tc)qDrD+<lsrs][S2 + Y7ck)m~&+© }
Figure 1 illustrates the maximum acceptable price
of PEPS plotted as a function of levelized fuel
cost. The capacity factor of 0.308 for a plant
in Phoenix was the result of detailed simulation by
researchers at Arizona State University of the per
formance of a 200 mw plant tied to a load model of
the Arizona Public Service Co. The capacity factor
for Cleveland of 0.192 was calculated by multi
plying 0.308 times the ration of the annual direct
radiation in Cleveland and Phoenix, respectively.

" KTcS3 ’ Tl+cf)~ « + K*1-Tc ){ S4 [ 1 + *P-a >]}
(cG- c c)

= [i-tc ]{s 5-s6 }+ tcs7 + p (l+ck)m-«

- (CG-CC)(1"TC){S4[i + (?•«)]}- CG+CC
(Cg -Cg)
(
_
Y
(1-TC)(S5-S6) + T c S7 + P (1+Ck)m.a - (CG-Cc)(l-Tc){s4[i+(P.a)|

5 S1 { [<1-Tc)(lDrD+% rs][S2 - * Y ^ 7 ^ } ' TcS3 - I l ^ F - « +U+Tc){s4[i+P.a]}

fuel savings - operating and maintenance costs + net credit capacity displaced

K = ------------------------------------------------------------------

financing cost - tax benefit of depreciation - tax credit + cost of insurance +
cost of state and local taxes
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Figure 1 indicates that a utility in the Southwest
having a levelized fuel cost of 20 mills/kw-hr
would be willing to pay approximately $800 per in
stalled kilowatt while a utility in the Northeast
with the same fuel cost would only be willing to
pay approximately $600 per installed kilowatt of
PEPS. Obviously, as the levelized cost of fuel to
the utility increases or decreases, the value of
PEPS to the utility changes accordingly.

approximately $300 to $800 per installed kilowatt.
Figure 2 illustrates this relationship between
current fuel costs and the maximum acceptable
price for PEPS.
TABLE 1
PERCENT CONTRIBUTION FROM EACH FUEL BY
REGION AND FUEL PRICE
Generation Mix*
1974

Approximate Fuel
Price** 1975

_______ _____________

New England
Coal
011/Gas***
Nuclear****
Hydro
Other
Middle Atlantic
Coal
Oil/Gas
Nuclear
Hydro
Other
East North Central
Coal
Oil/Gas
Nuclear
Hydro
Other
We3C North Central
Coal
Oil/Gas
Nuclear
Hydro
Other
South Atlantic
Coal
Oil/Gas
Nuclear
Hydro
Other
East South Central
Coal
Oil/Gas
Nuclear
Hydro
Other

LEVELIZED COST OF CONVENTIONAL FUELS
(MilU/KW-HR)

West South Central
Coal
Oil/Gas
Nuclear
Hydro
Other

Figure 1 - The Maximum Acceptable Price of a
Photovoltaic Electric Power System (PEPS) as a
Function of Fuel Costs.
3.2 CURRENT FUEL COSTS
Table 1 summarizes the approximate levelized fuel
cost to utilities in different regions of the U.S.
These costs were calculated using typical heat
rates and delivered fuel costs. Although fuel
costs range as high as 40 mills/kw-hr (oil-fired
peaking turbines in the Pacific region), typical
costs range from approximately 5 to 10 mills/kwhr for coal and 15 to 20 mills/kw-hr for oil.
In the future when gas and oil are not allowed
as boiler fuels, PEPS will probably displace
mostly coal for intermediate plants. Therefore,
PEPS would be attractive today at a cost of

7.4
61.3
24.4
6.9
—

10-12
20-30/11-16
3-6

42.7
36.2
8.5
12.6

9-10
20-30/10-15
3-6

—

82.0
8.7
8.3

__

-

__

8-10
16-25/10-15
3-6

1.0

__

—

__

54.4
27.2
7.7
10.7
—

5-6
16-25/5-8
3-6

54.9
32.5
7.4
5.2

9-10
18-28/7-11
3-6

76.5
5.4
3.6

8-10
16-25/9-14
3-6

—

14.5

—

3.0
92.6
0.2
4.2

_
_

_
_

_
_

2-3
18-28/7-11
3-6

__

—

Mountain
Coal
Oil/Gas
Nuclear
Hydro
Other

46.3
23.2
—
30.5
—

3-4
19-29/7-11
3-6
—

Pacific
Coal
Oil/Gas
Nuclear
Hydro
Other

1.7
27.8
2.8
66.7
1.0

5-6
23-40/10-15
3-6
—
—

*
**

FEA, Energy Outlook, 1975.
Six-month average of delivered fuel price ($/
10^ Btu) divided by typical plant heat rate
(10^ Btu,/kw-hr) Source of fuel prices: FEA,
December 1975, Monthly Energy Review.
*** Residual fuel oil (No. 6)/natural gas.
**** Nuclear fuel cost is an MRI estimate based on
consultations with a consulting engineering
firm.
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next portion of this paper examines several fac
tors which in the future could improve the economic
viability of PEPS.

Figure 2 - The Relationship of Current Fuel Costs
and the Maximum Acceptable Price of PEPS.
3.3 ESTIMATE OF SYSTEM COST
A detailed conceptual design and cost estimate for
a PEPS central power station was completed by
Spectrolab, Inc., and Bechtel Consulting Engineers.
The results of this cost estimate are presented
parametrically as a function of cell cost in
Figure 3. It is worthwhile to note a few features
of the cost estimate:

Figure 3 - Photovoltaic Concentrating System Cost
as a Function Cell Cost.
4.

ECONOMIC IMPROVEMENT FACTORS

The technoeconomic analysis discussed in Section ,3
implies that, in most cases, central photovoltaic
power plants do not represent an attractive invest
ment opportunity for most utilities. Even high
levels of insolation such as in Phoenix, and cell
costs of approximately $180/m2 are not significant
enough to insure economic viability given current
fuel prices. However, this situation can change
if: (a) major increases in conventional electric
utility fuel prices occur in the near future, (b)
technical improvements or component cost reduc
tions drive photovoltaic system costs below their
predicted value, (c) government subsidies are
introduced which favor photovoltaic systems over
conventional rivals or (d) combinations of these
three events occur. Each of these factors is
addressed in further detail below.

(a) Photovoltaic cells account for a very
small portion of the total system cost.
(b) Approximately 40% of the system cost
consists of relatively inflexible mature tech
nologies" such as site preparation, DC wiring,
power conditioning equipment, etc.
(c) A large portion of the cost (55%) is for
the concentrator subassembly.
Figure 4 merely superimposes the system cost onto
the plot of acceptable price versus levelized fuel
cost. This plot illustrates that the estimated
cost of PEPS is not competitive at current fuel
prices, hut would be competitive if fuel prices
were in the range of 30 to 50 mills/kw-hr. The
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equaled 10.2 mills/kw-hr currently, a 3% annual es
calation rate would result in a cost of 24.7 mills/
kw-hr after 30 years. However, with a 5% discount
rate the levelized fuel cost over the period would
only equal 15.7 mills/kw-hr. In other words, major
and prolonged increases in conventional fuel costs
would be necessary to make photovoltaic power
systems viable, ceteris paribus.

Figure 4 - The Relationship of PEPS cost, Current
Fuel Costs, and the Maximum Acceptable Price of
PEPS.
4.1

INCREASES IN CONVENTIONAL FUEL COSTS

Increases in conventional fuel costs persist as
the major reason given for solar energy investment
of all types. Predicting future energy prices is,
at best, uncertain and of limited usefulness in
this study. Fuel price projections are avoided by
expressing the acceptable price of photovoltaic
systems as a function of levelized fuel costs (see
Section 2). A single levelized fuel cost value can
be used to represent several alternative fuel
price projections. All that is required is that
the present value of the alternative fuel cost
patterns is equal. Multiplying the total present
value of the fuel cost times the capital recovery
factor yields the levelized equivalent cost.
Figure 5 presents the levelized fuel costs as a
function of real rates of escalation.* Current
fuel costs ranges serve as the starting point for
the figure. The figure indicates that levelized
fuel costs of 2 to 10 mills/kw-hr do not rise sig
nificantly even with relatively large rates of
escalation. For example, if levelized fuel costs

Figure 5 - Levelized Conventional Fuel Costs as a
Function of Real Rates of Price Escalation.
4.2 PHOTOVOLTAIC SYSTEM COST REDUCTIONS
The second means of enhancing the economic feasi
bility of photovoltaic power plants is by reducing
the cost of producing the required equipment. The
utility investor is interested in the cost of
delivered electricity from a photovoltaic system.
Therefore, the cost of the entire system rather
than one or two specific components must be con
sidered.
A major portion of current government photovoltaic
research, development and demonstration activities
is aimed at reducing system component costs. The
breakdown of central station system costs in
Section 3 (Figure 3) illustrates three Important

* Real escalation rates (i.e., increases above general price rises due to inflation) are used because
the whole analysis is expressed in non-inflated dollars.
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ways to reduce costs. They include (1) improve
ments in the efficiency of photovoltaic cells,
(2) reductions in the cost of concentrator devices
and related hardware, and (3) reductions in cell
costs.

Reductions in the cost of the concentrator subassemblies can also reduce photovoltaic system
costs.

An increase in the efficiency of photovoltaic
cells reduces the number of cells required to
deliver a given amount of energy. If the In
crease in efficiency is obtained without a pro
portionate Increase in cost, a reduction in the
total cost of cells will result. However, exami
nation of the effect of Improvements In cell
efficiency upon system costs reveals additional
savings beyond the direct savings in cell costs.
Many of the PEPS component costs are directly
proportional to the aperture area of the photo
voltaic array. Thus, the reduction in aperture
area resulting from increased cell efficiency will
result in a proportional reduction in the total
system cost. Table 2 lists the estimated cost of
those area-related components at $869/kwe for the
central station concept being examined. Assuming
an initial cell efficiency of 10%, an improvement
in cell efficiency to 12% would result In a system
cost reduction (not including savings in cell
cost) of $145/kwe. This has the same effect upon
total system cost as reducing cell cost by $420/
O
m for the system being studied. Thus, minor
improvements in cell efficiency can have a sizeable
effect upon the total system cost. This effect is
especially pronounced on focusing systems. Because
of the sensitivity of system cost to cell efficiency,
RD&D directed at Improving cell efficiency should
be encouraged. In fact, for focusing systems R&D
to increase cell efficiency should be given higher
priority than RD&D to reduce cell costs.*

The concentrator sub-system consists of the concen
trator structure, the primary mirror and the
tracking drives. The total cost of the concentra
tor sub-system equals $695/kw or 60% of the total
photovoltaic design cost of $1157/kw. Thus, re
ductions in the cost of the concentrator sub
system will result in significant reductions in
the total system cost. Table 3 indicates the
effect of reductions in the cost of the concen
trator sub-assembly on the total system cost. The
cell cost above which concentrator systems are more
cost-effective than planar systems is also pre
sented in the table.
TABLE 3
THE EFFECT OF REDUCTIONS IN CONCENTRATOR
SUB-ASSEMBLY COST ON SYSTEM COST
Cell Cost Above Which
Reduction in Total
Concentrating Systems are
'Concentrator System
More Cost Effective
Cost
Cost
than Planar Systems
($/kw)
($/m2)
(%)
0
10
20
30

TABLE 2
COMPONENTS OF PEPS COST WHICH ARE PROPORTIONAL
TO ARRAY APERTURE AREA*

1157
1088
1018
949

49
42
35
29

The topic of reducing cell cost has been the major
thrust of ERDA's photovoltaic RD&D activities to
date. The reduction of cell costs below today's
cost of $17-20 per peak watt is essential for
photovoltaic systems to become cost competitive
with other sources of energy. However, cell cost
is not the only Important cost factor to be con
sidered. In fact, it may be the least important
of the three factors (1) cell efficiency, (2)
concentrator cost, and (3) cell cost; discussed
in this section. Most manufacturers agree that
cell costs can easily be reduced from present cost
to the $2 to $5 per peak watt ($200 to $500 per
irr) range through economies of scale resulting

($/kw)
Site Preparation, Roads,Security
Array Foundations
D. C. Wiring
Array Structure
Substrate and HeatRejection
Tracking Drives
Primary Mirror
Total

The cost advantage of focusing over planar photo
voltaic systems results from trading lower cost
concentrator sub-systems for higher cost cells.
Based upon a baseline 200 mw central station de
sign examined in the parent study, focusing sys
tems are more cost-effective than planar systems
at cell costs greater than approximately $48/m^.

39
72
56
391
6
50
254
$869/kw

* Does not include cell costs

* It should also be noted that system cost can still be reduced even if improvements In cell efficiency
result in higher cell costs ($/m?).
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from high volume production. Cost reductions to
the $0.20 to $0.50 per peak watt ($20 to $50 per
m7) range are the subject of much controversy.
Many reputable technical people believe that re
ducing cell costs to these levels is impossible.

The social cost of the technology is approxi
mately equal to the before-tax costs realized
by private sector investors. External social
costs* of photovoltaic systems are small and will
be ignored in this study. The social benefits of
photovoltaic systems include the value of the
energy produced (as reflected in private sector
prices), and external social benefits. The true
social value of the electricity should not include
any distortions resulting from current taxes or
subsidies to competing energy sources.

In the less controversial range of $2 to $5 per
peak watt, cells account for $69 to $173 per in
stalled kilowatt of photovoltaic central station
capacity. In the above discussion, it has been
shown that cost reductions of this magnitude may
be obtained by minor improvements in either cell
efficiency or the cost of concentrator subassemblies. In fact, a sensitivity analysis
showed that a 10% reduction in photovoltaic sys
tem cost could be achieved by a 14% increase in
cell efficiency or an 18% reduction in concen
trator cost. However, a 308% reduction in cell
cost would be required to achieve the same re
sult. Therefore, efforts to reduce cell costs
should, at most, be one aspect of a three-pronged
attack to reduce cost through RD&D.

External social benefits of photovoltaic systems
may include the value of pollution abatement,
health and safety, conservation of energy resources,
insurance against foreign energy curtailments,
exports, transferable knowledge, and improvements
in economic conditions. It is extremely difficult
to accurately quantify these external benefits.
A review of the existing literature and some addi
tional investigations by the authors led to the
estimates illustrated in Table 4.**

4.3 GOVERNMENT SUBSIDIES FAVORING PHOTOVOLTAIC
SYSTEMS

TABLE 4
ESTIMATES OF THE EXTERNAL SOCIAL BENEFITS OF PEPS
,

The third factor which could make photovoltaic
systems attractive to utility companies is govern
ment subsidies. These subsidies would effectively
increase the price utilities would be willing to
pay for the photovoltaic system.
Two critical questions must be addressed in an
assessment of government subsidies for photo
voltaic power systems. Why is a subsidy warranted
and, if it is warranted, what is the appropriate
magnitude of the incentives? Next, questions
such as what is the best way to provide this
government support must be considered.

Social benefit/kw of PEPS as:
Insurance against foreign energy curtailment

$300.00

5.00

Conservation of Domestic Resources

0

small

Export value of technology

0

small

Positive impact on national economy
Total

Complete answers to each of these questions are
not possible in the context of this paper. None
theless, a brief investigation offers many in
sights.

$50.00

High
Estimate

Pollution, Health and Safety Control

Value of transferable knowledge

a/
by

Low
Estimate

n e 2/

small
$55.00

30.00

NE®/
_b/
$330.00

NE - not estimated.
This benefit could be large under certain futures.

The results portrayed in Table 4 are imcomplete,
at best, and will vary due to changes in any of
a wide variety of future events. However, when
these estimates are combined with current tax
distortions, a more accurate estimate of the social
value of current photovoltaic technology results.
Figure 6 presents that combination.

Government expenditures on all aspects of photo
voltaic energy should be justified by their re
sulting social benefits. The difference between
the social benefits attributable to the PEPS
(over some long period of time) and the social
costs of producing the system is the maximum
amount the technology should be subsidized.

Point A in Figure 6 represents the mills/kw-hr at
which the social cost of the photovoltaic system
equals the social benefit (using the high estimate).

*

External social costs are costs incurred by the society which the private investor ignores (air
pollution of automobiles is an example).
** The main sources of the estimates were (1) Comparative Risk-Cost-Benefit Study of Alternative Sources
of Electrical Energy, United States Atomic Energy Commission (Wash. 1224, December 1974).
(2) Scarcity and Growth; The Economics of Natural Resource Availability, H. Barnett and C. Morse (John
Hopkins Press, Baltimore, Maryland, 1969) pp. 1-11.
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If A' more closely represented the true social
benefits of the technology, no subsidy would be
warranted unless levelized fuel prices approach
25 mills/kw-hr. At 25 mills/kw-hr, the appropriate
subsidy would be the distance from C' to A', or
about $300/kw. A smaller subsidy is appropriate
at A' than at A because the value of the accom
panying societal benefits is estimated to be less.
However, the subsidy of $300/kw would reduce pri
vate sector costs enough to equal private sector
benefits at 25 mills/kw-hr for conventional fuel.
The first conclusion to be drawn from Figure 6
is that significant increases in coal and/or
nuclear fuel prices (or expectations of such
increases) will have to occur to warrant a social
investment in photovoltaic technology. However,
improvements in component or cell production
techniques must also be considered. Production
advances would significantly lower both the
private and social costs of the system. The
social cost reduction would lower the levelized
fuel price at which a subsidy would be warranted.

Figure 6 - Estimates of the Social Benefits and
Costs of PEPS.
A' represents the same intersection using the low
estimate of external social benefits. Point B
represents the mills/kw—hr at which the private
sector benefits equal the private sector costs.
In other words, the private sector would be willing
to purchase PEPS if the levelized price of conven
tional fuels ranged, between 15 and 25 mills/kwh.
The ratio of social benefits to social costs de
termines whether commercial subsidies to the tech
nology are warranted. The level of photovoltaic
subsidy warranted is zero if the social benefit/
cost ratio is less than 1. As levelized conven
tional fuel costs approach 17 to 20 mills/kw-hr,
subsidies become justifiable (using the high
estimate of social benefits). If levelized fuel
prices equal 17 to 20 mills/kw-hr, the appropriate
government support is the vertical distance be
tween Point A and Point C in Figure 6 or approxi
mately $450/kw of the photovoltaic power system.
The subsidy would sway private sector decision
makers to invest by reducing the private cost
$450/kw. The cost reduction would be large
enough to equate private sector costs to private
benefits. The social benefits would be realized
by the entire society and paid for by the society
through the $450/kw subsidy.
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As discussed previously, many of the current ERDA
efforts in RD&D are specifically aimed at im
proving photovoltaic production techniques.
Figure 6 indicates how much PEPS costs will have
to be reduced by these RD&D efforts. If conven
tional fuel prices are expected to equal a level
ized amount of 10 to 15 mills/kw-hr (in non-inflated
dollar terms) the RD&D effort must reduce the total
life-cycle costs of the photovoltaic system by
the equivalent of $100/kw to $350/kw. If the
RD&D program successfully reaches these goals,
there will be social justification to initiate a
commercial subsidy program. If levelized fuel
prices remain unchanged, the subsidy should not
exceed $300/kw (assuming the higher social benefit
estimate is used). In fact, the present value of
the RD&D costs should be subtracted from the com
mercial subsidy that is offered. The combination
of a successful RD&D program and a commercial sub
sidy program would then stimulate private sector
investors to purchase PEPS in geographic areas
similar to Phoenix.
Once the appropriate magnitude (or level) of the
commercial subsidy is estimated, many possible
policy tools can be instrumented to disperse the
funds. These instruments include: (1) capital
cost subsidies, (2) operation and maintenance cost
subsidies, (3) government furnished equipment, (4)
state and local non-income tax subsidies, (5) in
vestment tax credits, (6) accelerated depreciation
allowances on federal income taxes, (7) income tax
deductions, (8) low interest loan programs, (9)
policies affecting ownership, and (10) special
investor-owned utility incentives and others.
Each of these policies will increase the maximum
price that investors are willing to accept for

i = Annual insurance cost expressed as a
fraction of installed system cost

the system. The differential impact of these
policy options will be the subject of a future
study.
5.

a = Assessed value as a percent of market value
(for property tax calculation)

CONCLUSIONS

The major conclusions of this study are:

p = Property tax rate

1. Given a socially justified subsidy pro
gram and a moderately successful RD&D program
which results in cost reductions, photovoltaic
central power systems can become economically
competitive without major increases in conven
tional fuel prices.

Et= Depreciation on gas turbine generating capa
city in year t
Ft= Depreciation on coal fired generating capa
city in year t
Cg = Installed cost of gas turbine generating
capacity ($/kw)

2. Probable increases in fuel prices alone
will not make photovoltaic systems cost effective.

C = Installed cost of coal-fired generating .
capacity ($/kw)

3. Regional variations in fuel prices may
be more important than variations in insolation
in determining the economic feasibility of photo
voltaic systems.

n = Useful life of PEPS
m = Longest construction time of any of the PEPS
designs to be considered

4. Research, Development and Demonstration
(RD&D) efforts should give greatest emphasis to
increasing cell efficiency, followed by reducing
concentrator sub-assembly cost and reducing cell
cost, respectively.

a = Construction time of PEPS design under con

sideration (a ^ m) .
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THE DEMAND AND SUPPLY OF WORLD PETROLEUM AND ITS
CONSEQUENCES FOR AGRICULTURAL ECONOMIC DEVELOPMENT
Amalia Vellianitis-Fidas
U.S. Department of Agriculture
Washington, D.C.

Abstract
The concerns related to the increase cost of petroleum in 1974
and 1975 centered around the enormous transfer of funds needed
to pay for petroleum imports by most countries. Although this
transfer is successfully taking place in the developed countries,
it is taking place with serious long run external financial con
sequences for the less developed countries.
In addition, these
countries' continued agricultural development will probably
depend on finding new paths to agricultural efficiency that are
not as dependent on high-priced fuels.

In early 1974, the Organization of Petro
leum Exporting Countries raised the price
of oil exports 3 to 4 times over 1972
prices. In addition, revenue per barrel
exported rose even more because of either
complete nationalization of the oil indus
try or major revisions of the oil agree
ments which increased the share of revenue
for national governments. Consequently,
oil revenues received by the OPEC coun
tries rose dramatically in 1974 and 1975.
Estimated oil revenues in 1974 were about
$100 billion, $104 billion in 1975, and
should be about $124 billion in 1976,
compared with $20 billion in 1973. The
current account balance* of these coun
tries increased from a $6 billion surplus
in 1975 and 1976 is attributable to these
countries' growing imports over 1974, and
a decline in volume of oil exports by
about 10 percent because of the world
recession and because of some negative
demand response to the 1974 oil price
increase.
*The current account balance is that part
of the balance of payments which includes
merchandise exports and imports, transfer
payments, investment income, and service
payments.
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This enormous flow of funds in such a
short period of time from oil importing
to oil exporting countries is unprecedent
ed. Table 1 indicates what countries pro
duce the most oil and what their reserves
look like. Table 2 on oil consumption
indicates that the greatest consumption
of oil by and large does not take place in
the same countries where substantial
amounts of oil reserves exist except in
the case of the United States and USSR.
The result is flows of oil one way and
flows of funds to pay for the oil going
in the opposite direction.
In 1974 and
1975 there was much discussion and con
fusion as to just how this transfer of
funds would occur. That discussion con
tinues today as the world's non-oil ex
porting countries continue to live with
high oil prices.
The following eight areas of concern con
stitute a good part of what has been
termed the "energy crisis" since early
1974:
(1) The balance of payments adjust
ment of the major industrial or
developed countries. How would
countries finance their deficit
with OPEC countries--how would
recycling of petrodollars take
place.

(2)

The stability of the private fin
ancial institutions used to handle
the transfer of these enormous
amounts of funds from the buying
countries to the selling countries
came into question.

(3)

There was some fear the industrial
countries would move to restric
tive trade measures in order to
protect their supply of foreign
exchange with which to purchase
oil imports.

(4)

Aggravation of ongoing inflation
and recession conditions.

(5)

The wealth transfer problem. That
is, the economic implications of
the transfer of real resources
from oil importing countries to
oil exporting countries.

(6)

The prospects and implications of
massive OPEC investments in the
U.S., particularly speculative
short-term investments. Would
such investments be used to dis
rupt the U.S. economy?

(7)

The additional burden on non-oil
less developed countries' fin
ancial situation.

(8)

The implications of expensive
energy inputs for the agricultural
development of developing coun
tries. Developing countries in
particular rely upon this sector
for export earnings. The foreign
exchange earned from these exports
is needed to purchase all kinds of
imports for development.

greatest difficulties are the do
mestic transfers from consumers to
owners of energy, that is, the with
drawal of money from normal spend
ing channels.
These problems have turned out to be
minimal:
(3)

The prospect of massive OPEC invest
vents: most surplus funds have
been in liquid form - approximately
$11 billion in direct investment.
Eurodollar markets have absorbed a
large amount of these surplus funds

These problems may increase later, but
they are not causing any serious concern
now:

In the past year in comparison with mid1974 the following problems have not
developed to any serious extent:

(4)

The stability of financial markets:
even though some financial insti
tutions had gone further than had
been thought prudent in 1974-75 in
lending to countries whose external
financial situation was not very
good, severe problems have not
materialized.

(5)

The recycling of funds among indus
trial countries:
after incurring
a $9 billion deficit in their
current account in 1974, these
countries experienced an $18
billion surplus in 1975. This
recession year reversal stemmed
primarily from (1) a slowdown in
imports by these countries, and
some reduction in oil consumption.
Projections for 1976 indicate a
reduction in this surplus to $3
billion due to the economic recov
ery in developed countries. Oil
imports are on the upswing again.

These problems have been at least as
serious as expected:

(1)

Trade restrictions among OECD
countries .

(2)

The wealth transfer problem-- The
increase in the price of oil if
translated into real terms would
be approximately 2 percent of
gross national product in any one
year for the United States. A
real transfer of wealth does not
occur until real exports are
transferred. To the extent that
financial assets are transferred
a welfare transfer has not occurred
yet. The amount of real exports
transferred resulting in a welfare
loss to industrial countries has
not been that great yet. The

(6)
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The aggravation of inflationary
and recessionary conditions al
ready present in the world economy:
The direct impact of increased oil
prices on world inflation has been
estimated at about 2 percent points
per annum while the increase in
prices of alternative sources of
energy is estimated to be about
1.51 for a total of 3.5%. It is
even more difficult to estimate in
creases indirectly attributable to
oil price increases. The increase
in the price of oil aggravated the
already existing recessionary sit
uation. An additional portion of
consumer income now had to be spent
on energy consumption, thereby damp
ening internal consumption. The re
cession was the most serious in the

postwar period for OECD countries.
It has been estimated that total
output lost in the seven major OECD
countries--Japan, Germany, France,
Italy, Canada, the United States
and the United Kingdom--in 1974-75
was 12% below trend per annum or
$270 billion* in 1970 dollars.
This reduced output has been a
real welfare loss for the consumer
domestically.
It is difficult to
identify and quantify the amount
of this loss due to the increase
in the price of oil. Even so, we
do know that modern technology,
the basis for much recent economic
growth, has been heavily dependent
on energy, especially oil, pri
marily because of its historically
low price.
(7)

The impact on the non-oil producing
less developed countries:
their
ability to continue borrowing will
become more limited in the future
because of borrowing to meet
present needs as well as for long
term development. At the same
time, fertilizer and food prices
also went up in the 1973-74
period. Although they have since
receded, the LDC's have faced
enormous financing problems simul
taneously in all three categories.

Trade and financial adjustments have
occurred in the past two years in the
form of increased exports of goods and
technology to the oil-exporting countries,
the attraction of investment funds from
the oil exporting countries, and borrowing
funds from international institutions as
well as other countries. Oil exporting
countries embarked on a combination of
large scale internal development plans,
foreign aid, foreign investment, in
creased imports, short-term deposits here
and abroad, as well as deposits with
international organizations. These mea
sures have significantly reduced their
balance of payments surpluses.

$U.S. Billions

1973 1974 1975 1976

Industrial Countries* 12
Non-oil primary
producing countries
Developed**
1
Less Developed***
-10

-9

18

3

-14
-29

-14
-37

-10
-3 2

Thus, on one level the "crisis" appears to
have come and gone. Most of the fears expressed in the recent past have not been
well-founded, the current account deficits
of the developed countries have swung into
surpluses, and the less developed coun
tries deficits have been financed.
But if we take a closer look at how these
deficits were caused and financed we can
perhaps get an idea of what looms ahead
for the non-oil developing countries. Of
the $37 billion current account deficit
shown for the non-OPEC LDC's in 1975,
about $11 billion was due directly to
higher oil import costs and another $7
billion was attributable to price in
creases in other imports that were asso
ciated with increases in the price of oil.
It has been estimated that about $5.5
billion of the dificit could be attrib
utable to losses in export earnings due
to the deflationary impact on demand that
the oil price rises had on total world
demand. Another $3 billion is related to
debt financing of oil imports. Non-oil
induced factors such as the average deficit
these countries had in the 1970-73 period
probably added another $10 billion. The
deficit for 1976 for these countries is
estimated to be about $32 billion, an
improvement over 1975. This improvement
is due to the world economic recovery
which has improved the trade accounts for
these countries.

^Includes Austria, Belguim, Canada, Den
mark, France, Germany, Italy, Japan, Lux
embourg, Netherlands, Norway, Sweden, Swit
zerland, United Kingdom, and the United
States.

One way of looking at the result of these
adjustments on the part of oil importing
countries is looking at estimated changes
in these countries' current account bal
ances :

**Includes Australia, Finland, Greece, IceTand, Ireland, New Zealand, Portugal, Spain,
Turkey, Malta, South Africa, and Yugoslavia
***Includes the rest of the countries in
the world that are (1) not in the preced
ing categories, (2) not OPEC members, (3)
not the Soviet Union, (4) the People's
Republic of China, nor those countries
comprising East Europe except for Romania,
which is included.

f!That is, the gap between actual growth
and projected growth trends.
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These deficits in 1975 were financed
through the following sources:
about $5
billion came from OPEC bilateral aid, $2
billion from the IMF oil facility, approx
imately $1 to 2 billion from a drawing
down of international reserves, $17 billion
from private capital transfers, and about
$4 billion in OECD multilateral aid and
$9 billion in bilateral aid. As a result
of using these methods of financing,
particularly private capital flows, the
external debt ratios of many countries
have doubled, a dangerous sign. The
external debt ratio is principal and in
terest payments on total public and pri
vate debt divided by merchandise exports.
Payments on total foreign debt now absorb
about 20% of the developing countries'
merchandise exports receipts, maybe about
double what they were in 1973. Another
disturbing trend is that a good deal of
the private loans these countries have
contracted have shorter loan maturities
than in the past.
In the first quarter of
1975, almost 70% of the loans had maturiities of less than 6 years, compared with
18 percent in all of 1974 and 7 percent in
1973.
At the same time, another indication of
the strains imposed on the less developed
countries is the abrupt decrease in
their import coverage ratios. The import
coverage ratio is the ratio of a country's
or countries' international reserves to
an average of its monthly imports. At
the end of FY-74 non-OPEC LDC's reserves
stood at 3.89 months of exports. They
dropped to 2.12 by the end of 1974. By the
end of 1975 the import coverage ratio had
dropped to 2.05 months.
What does this information portend for
the future of non-oil producing less
developed countries? In the inter
mediate run several problems seem apparent.
In order to continue growing and develop
ing, many of these LDC's will have to
continue borrowing, but at some point if
they continue doing so, without a healthy
increase in export receipts, they will
find their ability to borrow increasingly
constrained because of their deteriorating
credit worthiness.
These countries also find themselves at
a disadvantage in comparison to developed
countries in attracting investments even
if they can afford repayment.
In addi
tion, if developed countries cut back
overseas investments and assistance
because of their own deteriorating sit
uation and compete with each other for
excess investment funds, LDC's find them
selves with relatively fewer investment
resources than before. This situation
of course, affects their rate of develop
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ment and makes it even more difficult for
them to pay for their energy needs.
In the future, if LDC's cannot import the
capital goods they need for growth there
will be an overall decline in their
economic activity.
In most major develop
ing countries, imports supply most of the
capital equipment and a large share of
the intermediate goods needed for indus
trial expansion. Already in 1975 and
1976, LDC's have cut back on imports and
development programs which will no doubt
affect future employment growth and
government revenues.
Indirectly as well as directly the in
crease in the price of oil has also con
tributed to inflation in all countries,
but again the adjustments for LDC's have
been more difficult than for developed
countries.
Already the World Bank has estimated that
the 1 billion people living in the poorest
countries with $230 per capita income or
below in 1973 had no increase in GNP in
FY-75 and will probably grow by less than
1 percent a year for the rest of the
decade.
What can we say then about the long-term
future in terms of economic development
and energy for LDC's? A look at the data
on per capita consumption of all energy
by levels of per capita income for select
ed countries (Figure 1) shows that the
consumption of energy is directly related
to the level of per capita income. That
is, the developed countries have the
highest level of energy use while the
LDC's tend toward the bottom.
We know already that imported oil in most
developing countries provides 50% or
more of energy consumption in the modern
sector, and when the price of one vital
factor of production increases each
economic unit, will attempt to decrease
its use of oil and oil products.
In the
short run this may not be possible. Con
sequently, both total costs and marginal
costs will increase. Therefore the same
amount of production is available but
at a higher price.
In the longer run,
production costs may fall, but in the
intermediate term we are almost certain
that some upward shift of the cost curve
will remain until either inflation in all
production costs or technology catch up
with the increase in oil prices.

On the demand side, the increase in the
price of oil will have a direct as well
as indirect effect on the country's econ
omy depending on how large an input it
is. If it is large enough of an input it
may cause a decrease in real income and
may shift consumer demand downward.
The preceding perspective on energy costs
is necessary for understanding the last
area of concern in the energy crisis:
the implications of expensive energy in
puts for the agricultural development of
developing countries. Agriculture is one
of the most crucial sectors for developing
countries. One indicator of agricultural
productivity is primary cereals yields
(table 3). This table shows that many of
these same countries with high per capita
incomes and high energy consumption also
tend to be near the top in terms of agri
cultural productivity, and many of the
developing countries are near the bottom.
This information on energy and agricul
tural productivity together has serious
implications for agriculture and the in
crease in the price of energy. At least
part of this high productivity in agri
culture has come about because of the re
placement of manual labor with machines,
and from using fertilizers and pesticides.
Fuel energy is used in agriculture to
replace muscular energy as well as in
tillage, fertilizers, irrigation, harvest
ing, and processing to help crops convert
calories of sunlight into calories of
food energy for man and animals.
For developed countries the increase in
the price of oil should impinge directly
on food production costs through petro
leum-related price increases for fert
ilizers and tractor fuels, and indirectly
by inflationary price increases in other
inputs. For developing countries, the
increase in the price of oil should have
varying effects depending on each coun
try's stage of development and resources.

each calorie of actual food consumption.*
In 1910 the ratio was .8 to 1. In addi
tion there has been increasing substi
tution of energy for labor. The rate at
which energy has been able to substitute
for labor in the food system increased
greatly, particularly from about 1920 to
about 1950-55. Since then the rate has
slowed down considerably indicating that
increasing the energy input to the food
system in the future is unlikely to bring
further reductions in farm labor.
The implications of this thumbnail sketch
of energy use in U.S. agriculture for
increasing crop production in other coun
tries, especially LDC's are several.
It
is obvious that the energy requirement of
the U.S. food production and distribution
system is one more reason why the idea of
replicating the U.S. food production and
distribution system is so unrealistic and
has been criticized heavily in recent
years.
It has been estimated by Steinhart
that it would take almost 80% of the
annual energy expenditure of the entire
world to feed the whole world with a U.S.
food system.*
Paradoxically, the many less developed
countries with the most serious food
problems are often the countries with the
most meager reserves of fossil fuels.
These countries will be faced with critical
choices in the future.
If they attempt to
become more self-sufficient in food they
may have to expend a disproportionate
amount of foreign exchange to obtain the
needed energy inputs. The results may
be a curtailment of development elsewhere
in the economy.
A partial solution is energy conservation
to reduce energy requirements in agri
culture. Unfortunately, we do not know
what the energy savings would be for the
various conservation suggestions primarily
because the data on energy savings have
been calculated only for the United States.
Very little if any complete research has
been done on what energy savings can be
realized in other agricultural systems, at
what costs to total production, and what
tradeoffs are available in LDC agricul
tural systems. Furthermore, research is
needed to measure future energy require
ments of developing countries in their
agricultural sector with their unique
composition of energy-producing resources.

The impact of the high price of oil on
agriculture has not been very great yet,
but thus far the path to development and
high agricultural productivity has been
through high and inexpensive energy use.
The United States, for example, has been
very successful in increasing crop yields
through improved technology. This tech
nology has depended on increasing amounts
of energy inputs.
In 1970, 9 calories
were expended in the form of fuel, fert
ilizer, electricity and irrigation for

*Steinhart, J.S. and C.E. Steinhart,
"Energy Use in the U.S. Food System," in
Science, April 1974, pp. 310-311.
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An assessment of future energy sources
indicates that it will take 30 to 40 years
to develop major alternative sources.
In the short term or next 10 years,
feasible, but unused energy sources can
be developed and the use of present sources
can be improved. Under the first of these
categories, wind, tide geothermal, solar
for residential, commercial and hot water
heating, hydroelectric and coal gassification energy can be developed or further
refined. More efficient use can be made
of municipal refuse, waste heating from
the generation of electricity in indus
trial processing, space heating and air
conditioning, agricultural fish ponds
and greenhouses, and appliances.
For agriculture, fossil fuels may become
increasingly scarce and expensive.
Electrical energy and new forms of energy
may become relatively abundant. There
fore it may become necessary to shift at
least some current fossil uses into
electricity. This shift will free avail
able fossil fuels into more irreplaceable
uses, e.g., petrochemicals. Electric
energy and coal can be substituted for
oil and natural gas to a greater extent
than presently but at great cost in
fertilizer production, grain drying,
irrigation, refrigeration and trans
portation. Much work is needed in this
area to lower costs and make these sub
stitutions attractive to farmers in
developed as well as less developed
countries .
In sum, the question of whether there is
an energy crisis depends on what time
perspective is being considered.
In
the short run, there does not appear to
be as serious a crisis as was thought in
1974.
In the intermediate run, energy
costs are putting constraints on develop
ment, and supply availabilities may be
come critical for less developed coun
tries.
In the long run, whether there is a crisis
for developed as well as less developed
countries will depend on what we do now
in terms of allocating resources for
changing from a fossil fuel technology
to other economically feasible forms of
energy.
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Table II
1973 Petroleum Product Consumption*
(1,000 barrels/day)
Latin America
Argentina
Brazil
Chile
Colombia
Cuba
Mexico
Netherlands Antilles
Panama Canal Zone
Peru
Puerto Rico
Trinidad 6 Tobago
Uruguay
Venezuela
Others

3,492
470
723
130
172
130
627
83
143
110
185
57
45
225
392

Western Europe
Austria
Belgium
Denmark
Finland
France
Greece
Ireland
Italy
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom
West Germany
Yugoslavia
Others

14,589
231
651
360
266
2,554
203
110
2,099
834
175
129
727
586
303
2,286
2,750
229
96

Middle East
Bahrain
Iran
Iraq
Israel
Kuwait
Lebanon
Neutral Zone
Saudi Arabia
Syria
Turkey
Southern Yemen
Others

1,472
42
414
92
130
124
51
26
259
61
242
13
18

North America
Canada
USA
Far East
Australia
Brunei - Malaysia - Singapore
Burma
Hong Kong
India
Indonesia
Japan

Korea, South
New Zealand
Pakistan
Philippines
Taiwan
Thailand
Vietnam, South Laos and Cambodia
Others

251
96
94
184
145
160
120
37

Africa
Algeria
Angola
Egypt
Ethiopia
Ghana
Kenya
Liberia
Libya
Malagasy
Morocco
Mozambique
Nigeria
Sierra Leone
South Africa
Sudan
Tanzania
Tunisia
Zaire
Others

986
58
20
158
20
17
39
11
30
10
49
20
51
10
287
20
20
25
21
120

Communist Areas
China
Czechoslovakia
Hungary
Poland
Romania
USSR
Other
World Total

8,775
798
202
145
227
402
6,485
516
56,109

18,569
1,755
16,814
8,226
576
327
27
82
509
191
5,427

* International Petroleum Encyclopedia,
1974, pp. 342-343.
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Table III
Selected Yields of Primary
Cereals in 1974
(Kilograms per hectare)
Africa
Algeria
Dahomey
Egypt
Madagascar
Morocco
Togo
Uganda

998
506
820
4004
1615
1070
780
1044

Latin America
Argentina
Brazil
El Salvador
Mexico
Paraguay

1624
2068
1376
1576
1371
1179

Asia
Afghanistan
Bangladesh
India
Japan
Korea, Rep.
Philippines

1593
1285
1719
1077
5576
3608
1265.

West Europe
Belgium
France
West Germany
Italy
United Kingdom

3275
4608
4196
4270
3209
4338

Oceania
Australia

1377
1339

USSR

1537.

North America
Canada
USA

2711
1719
2975

World

1818

FAO, Production Yearbook, 1974, Vol. 28,
pp. 41-43.

TABLE I

1974 OIL PRODUCTION AND RESERVES 1
2 ..............
AN NU AL

MAJOR OIL PRODUCERS

AN NU AL PRODUCTION

(1000 BARRELS)

3
J

RESERVES
RESERVES

AT PRESENT

PRODUCTION (1000 BARRELS) PRODUCTION
IN YEARS
57

528,062

30,000,000

ALGERIA

340,829

7,700,000

22

ECUADOR

71,542

2,500,000

35

ABU DHABI

I

72,450

1,750,000

24

515,573

15,000,000

29

IRAN

2,218,370

66,000,000

30

IRAQ

708,035

35,000,000

49

KUWAIT

781,097

72,800,000

93

LIBYA

592,643

26,600,000

45

NIGERIA

829,920

20,900,000

25

GABON
INDONESIA

189,164

6,000,000

32

SAUDI ARABIA

3,023,256

164,500,000

54

VENEZUELA

1,092,780

15,000,000

14

OPEC TOTAL

10,963,721

463,750,000

NA

QATAR

CANADA

631,176

9,400,000

15

MEXICO

191,808

13,582,000

71

USA

3,209,939

35,299,839

II

NORTH AMERICA

4,032,923

58,281,839

NA
42

TRINIDAD

5

59,450

2,500,000

ARGENTINA

■

152,046

2,346,000

15

BRAZIL

B

64,751

775,000

12

COLOMBIA

■

61,370

900,000

14

a

105,833

NA

NA

83,400,000

25

EGYPT

B

51,968

3,700,000

71

ANGO LA

1

61,251

1,175,000

19

DUBAI

i

91,344

2,420,000

26

NEUTRAL ZONE

■

194,513

17,300,000

89

OMAN

a

105,974

6,000,000

56

ROMANIA
USSR

459,900

25,000,000

54

3

54,319

834,000

15

■

141,461

2,300,000

16

»

100,322

2,500,000

25

| 673,181,839

NA

CHINA
INDIA
AUSTRALIA
MALAYS IA-BRUNEI
WORLD TOTAL
D

I

1

20,060,096

500,000

2,000,000

3,500,000

COUNTRIES WITH AN NU AL OIL PRODUCTION OF 50,000,000 BARRELS OR MORE AS OF 1974.
2 WORLD OIL, FEBRUARY 15, 1975, p. 123.
3 OIL AN D GAS JOURNAL,

DECEMBER 30, 1974, pp. 108 -109.
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1972 ENERGY CONSUMPTION' AND GNP PER CAPITA2
KILOGRAMS PER CAPITA"
(COAL EQUIVALENT)

10,000

8,000
NEW CALEDONIA

CZECHOSLOVAKIA

6,000
AUSTRALIA
©
DENMARK
GERMANY
i USSR
LIBYA
'ID

4,000

FINLANC
NORWAY

•

RIA

•

BAHAMAS

® © GREENLAND

®

PUERTO RICO

IRELAND

AR Y

ICELAND

9
FRANCE

®
AUSTRIA
^

SWITZERLAND

JAPAN

BRUNEI
SURINAM

BERMUDA

VENEZUELA

2,000
ARGENTINA

1,000

2,000

3,000

4,000

GNP PER CAPITA (US $)
WORLD BANK ATLAS, GNP, 1974. 2 WORLD ENERGY SUPPLIES. STATISTICAL PAPERS, U .N .,
1974, pp. 3 - 2 7 .

3 SPECIFIC DATA O N ACCO MPANYING TABLE IV.
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ENERGY CRISIS AND FOOD CRISIS:
OF U.S. AGRICULTURE

THE ROLE

by
Dan Dvoskin and Earl 0. Heady
The Center for Agricultural and
. Rural Development
Iowa State University, Ames, Iowa

Abstract
An interregional linear programming model of U.S. agricultural
production is used to analyze the economic ramifications of high
energy prices and high agricultural exports by 1985. The study
explains some of the changes that can be expected to take place if
energy prices were to reach a level twice as high as 1974 energy
prices.
It also examines the response of agriculture to increased
agricultural exports and the role of agriculture in the U.S.
foreign trade.
1.

1971 to 1975 the yearly value of all ag

INTRODUCTION

ricultural exports increased by more than

Since 1972 the world economy has faced

$14 billion [5].

two severe shocks, in food production and
in petroleum.

however, the yearly value of energy im

Because both commodities

ports has increased by almost $23 billion

are basic to the economic well being of

[8 ].

every country, shortages and dramatic

Undoubtedly, agricultural exports

have been a major factor offsetting the

price increases for both energy and food

drain of U.S. dollars and reducing the

have had serious impacts on the world
economy.

Over the same period,

deficit in the U.S. balance of payments

In the last four years, U.S.

(Figure 1).

agriculture has experienced increased de

The reasons for the sharp increase in ag

mand for its products while energy and
other input prices have been on the rise.

ricultural exports can be traced to ad

However, further increase in input prices

verse weather conditions in some of the

might effect the production capacity of

major grain producing countries, espe

U.S. agriculture as farmers reduce the

cially the Soviet Union; improved stan

use of energy and other energy-derived

dards of living by the industrial and

inputs in order to reduce their produc

the developing countries; and devaluation

tion costs.

of the dollar.

In contrast, the world

petroleum crisis was brought about by a

In addition to its role as the world's

joint action of the Organization of Pe

largest food supplier, U.S. agriculture

troleum Exporting Countries

has had a major part in offsetting the

(OPEC) which

raised energy prices unilaterally.

large U.S. deficit in the balance of pay
ments caused by the sharp increases in

Changes in U.S. agricultural exports and

petroleum prices during 1973-1974.

energy imports are presented in Table 1.

From
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28

24

Source: U.S. Department of Agriculture [5],
^Source:

1.

U.S. Department of Commerce [7,8],

For example, by 1974 the total quan

Table 1.

tity of grain and soybeans exported in
creased by 50 percent, and the value of

Percentage changes in grain9
and soybean exports vs. per
centage changes in petroleum
imports 1965-1975

exports increased by 203 percent over the
base year, 1970.

On the other hand, pe

Year

troleum imports by 1974 were 78 percent

Grain and
Soybean Exports Petroleum
Quantity
Value Quantity

above 1970 but the value of imported pe

(1970=100)

troleum had risen by 728 percent from
1970.

Imports
Value

19 65
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

Hence, 90 percent of the increased

costs of petroleum imports from 1970 to
1974 were due to higher oil prices and
not to larger oil imports.
2.1 PURPOSE OF THE STUDY
The purpose of this study is to evaluate
the possible long run impacts on U.S. ag
riculture, assuming agriculture as well

90.32
101.73
89.07
88.06
77.72

85.81
94.79
87.89
85.80
81.77

72.20
75.24
74.20
83.25
92.55

72.25
73.58
73.13
82.21
90.89

1 0 0 . 0 0

1 0 0 . 0 0

1 0 0 . 0 0

1 0 0 . 0 0

92.14
121.13
178.82
150.17
161.36

105.98
129.51
243.56
303.06
301.61

114.74
139.02
182.93
178.04
211.78

120.85
156.11
265.91
828.04
861.32

aIncludes feed grains and wheat.

as other segments of the economy might
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have to face much higher energy prices in

corn silage, sorghum silage, wheat, soy

the future.

beans, cotton, sugar beets, oats, barley,

The study examines the im

pacts of higher agricultural exports when

legume and nonlegume hay.

accompanied by high energy prices.

production and regional distribution of

The

purpose of this paper is not only to
outline the changes but also to quantify

The projected

all other crops and livestock are exoge
nously determined.

possible responses of U.S. agriculture to

All alternatives refer to 1985 and assume

high energy prices and high agricultural

a U.S. population of 232.2 million.

exports.

Cost

of production, transportation, and other
2.

THE MODEL

inputs are in terms of 1972 prices.

How

The interregional linear programming mod

ever, energy prices have been adjusted to

el used in this study has been developed

reflect the relative larger changes in

under a grant from the National Science

energy prices between 1972 and 1974 over

Foundation (NSF) to the Center for Agri

other agricultural inputs.

cultural and Rural Development (CARD).*

Two levels of agricultural exports in 1985

The model is based on 105 producing areas

are utilized in the study (Table 2).

and 28 market regions.

export

It assumes com

Both

levels are derived from the OBERS

petitive equilibrium and minimizes the

E '** projections [9].

total cost of crop production, transporta

ports" which are somewhat lower than 1975

tion, and the cost of various inputs such

exports are used in the analysis of the

as fertilizer, energy, water, and land.

base run (Model A) and high energy price

The "normal ex

The minimization procedure is subject to

alternative (Model B).

a set of linear restraints corresponding

ports" assume that by 1985 U.S. agricul

to the availability of land, water, fer

tural exports would not continue to expand

tilizer, and energy supplies by regions,

at the rate observed in the last four

production requirements by location, the

years.

nature of crop production, and a final

flects the belief that current high exports

set controlling domestic and foreign com

are transitory rather than permenant in

modity demands.
in the model.

nature, and are basically due to adverse

There are 880 restraints

The "normal ex

This assumption, basically, re

weather conditions.

On the other hand,

the "high exports," utilized in the high

Activities in the model simulate crop ro
tations, water transfer and distribution,

export alternative (Model C), reflect the

commodity transportation, chemical nitro

belief that exports of U.S. agricultural

gen supplies, manure nitrogen supplies,

commodities by 1985 would be even higher

and energy supplies.

than recent export levels. The assump
tion of further increases in agricultural

There are 10,700

activities in the model.

Endogenous crop

exports is based on the belief that much

activities are corn grain, sorghum grain,

*For a complete description of the model and other energy issues
see "U.S. Agricultural Production Under Limited Energy Supplies,
High Energy Prices, and Expanding Exports." CARD Report 69 [2],
**0BERS projections of Economic activities in the United States
are made by U.S. Water Resource Council (an independent executive
agency of the U.S. Government) with the Cooperation of Bureau of
Economic Analysis (U.S. Dept, of Commerce) and Economic Research
Service (U.S. Dept, of Agriculture).
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of the current high exports are due to

2.3

permanent changes in the demand for U.S.
products. These changes arise because of a

This alternative retains the same high
energy prices (twice the 1974 prices)

larger world population, higher per capita

assumed under Model B.

income, and reduction in world food pro

But in addition,

it assumes agricultural exports will in

duction because of energy and fertilizer

crease substantially over the "normal

shortages.
Table 2.

Projected agricultural exports for 1985 compared with
1975 exports.

Commodity

Unit

1975 Exports3 Normal Exports'3 High Exports'3
1985
1985

30.2
1,316.5
13.4
228.3
1,177.8
598.2

bushels
Barley
bushels
Corn grain
bushels
Oats
bushels
Sorghum grain
bushels
Wheat
Soybeans
bushels
Total grain
& soybeans metric tons
Cotton
bales

2.1

HIGH EXPORTS (MODEL C)

160.0
775.0
950.0

25.0
1,889.0
19.0
270.0
1,179.0
1,125.0

76.7
4.1

118.4
4.2

2 0 . 0

989.0
1 0 . 0

88.7
3. 8

aSource:

USDA [6 ].

^Source:

OBERS E' projections [9].
export" levels by 1985 (Table 2).

THE BASE RUN (MODEL A)

This

alternative reflects further increases
This is the control alternative.

It is

in energy prices and further increases

used for comparison with the other two
alternatives.

in world demand for U.S. agricultural
products.

Model A represents "a nor

mal" long-run adjustment of agricultural
3.

production when no restrictions are im
posed on the availability of energy

and
Changes in energy prices and increased

energy prices remain at their 1974 lev
els.

RESOURCE USE IN AGRICULTURAL
PRODUCTION

agricultural exports would change the

Thus, the base run represents the

behavior of agricultural production un

structure of resource use in agricultural

der somewhat higher energy prices caused

production.

by the energy crisis of 1973-1974.

sources to be effected are land, water,

It

and energy.

also assumes "normal exports" by 1985.

Among the most important re
More cropland will be re

quired for agricultural production in re
2.2

HIGH ENERGY PRICES (MODEL B)

sponse to increased energy prices and ag

This alternative reflects the very like

ricultural exports (Table 3).

ly situation of much higher energy prices

gy prices would lead to a substantial re

in the future.

duction in irrigation farming since the

Under this alternative,

High ener

the cost of energy is assumed to be twice

cost of pumping water is closely related

the base run energy cost.

to energy costs.

Just as in

Thus, a substantial

Model A, the high energy price alterna

shift of agricultural production takes

tive assumes "normal exports" by 1985.

place from irrigated to dry cropland.
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Table 3.

Land, water and energy use in 1985.
Unit

Base Run
Model A

High Energy
Prices
Model B

High Exports
Model C

Dryland used

mil. acres

320.707

329.026

341.988

Irr. land used

mil. acres

22.894

17.905

25.615

343.601
47.421

346.931

367.603

36.890

51.389

Resource

Total land used mil. acres
Water used
mil. acre-ft.
Diesel fuel

bil. gal.

5.377

5.407

5.964

Natural gas

bil. ft. 3

180.060

152.966

400.458

LPG

bil. gal.

Electricity

bil. KWH

Total energy

1 0 1 2

KCAL

.657

.625

.740

12.014

8.915

13.025

292.438

277.354

377.544

Because of yield differentials, this shift

increase in agricultural exports would

requires more than one acre of dry crop

lead to a 7 percent increase in land use,

land for every irrigated acre taken out

an

8

percent increase in water use and a

of production and thus increased overall

29 percent increase in energy use when

land use.

compared to the base run (Model A ) .

High energy prices, therefore, would re

creased irrigation and higher fertilizer

In

duce the production capacity of U.S. agri

applications which result in higher crop

culture.

yields are mostly responsible for the

This reduction would also re

duce U.S. agricultural exports.

small increase in land use.

To the

Thus, U.S.

extent that the world's nutrition is de

agriculture would respond to increased

pendent on U.S. exported commodities, in

export demands by adopting more energy in

creased energy prices would undoubtedly

tensive agricultural technologies.

add to the world's food crisis.

This

would happen despite the much higher ener

In addi

tion to a reduction of irrigated land,

gy prices (double 1974) that are assumed

high energy prices would increase fer

to take place under Model C.

tilizer prices, especially nitrogen fer

The analysis shows that with increased

tilizers.

energy use, U.S. agriculture can expand

High fertilizer prices would

lead to a reduction in their use.

its production capacity.

There

fore, lower crop yields could be expected.

such an expansion would not occur unless
farmers receive a reasonable return for

Doubling of energy prices would reduce
water use substantially (Table 3).

Undoubtedly,

their output.

It

High energy prices and in

would also reduce total energy use in

creased utilization of fertilizers and

agricultural production about 5 percent.

water would clearly mean higher commodity

Most of the reduction in energy use is

prices to both domestic and foreign con

in the form of natural gas and electric

sumers of U.S. agricultural products.

ity.

The first is because of a reduction

4.

in fertilizer use and the second is be

COMMODITY PRICES

High energy prices as well as high exports

cause of a reduction in irrigation.

are expected to increase commodity prices

High exports, presented under Model C,

and therefore food costs.

would require increased utilization of

commodity prices, however, can be expected

land, water, and energy.

The 50 percent
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Increased

to be much smaller than the increase of

sharp contrast with the relatively small

energy prices because direct and indirect

impact of high energy prices, high exports
accompanied by high energy prices (Model

energy costs make up only a small part
of the final food costs. Commodity
prices, however, are very sensitive to

C) would more than double commodity shadow
prices. From the relatively small impact

agricultural export levels.

of high energy prices (Model B), it is

An example

of this sensitivity, of course, is the

clear that most of the increase in commod

sharp increase in grain prices which oc
curred in 1972 and 1973.

ity shadow prices under Model C is because
of high exports rather than to high ener
gy prices.

Commodity prices derived in the analysis
(Table 4) are not equilibrium market

The possible increase in retail food costs

prices.

because of high energy prices cannot be

These are supply programmed

prices known as shadow prices.

directly imputed from the model.

They

Most of

represent the economic value of marginal

the marketing processes such as transpor

units of a commodity to meet demand re

tation, freezing, and canning are, how

straints.

ever, much more energy-intensive than on-

These prices are expressed in

farm production.

terms of 1972 dollars of onfarm commodity
prices.

For example, the Econo

mic Research Service [3] shows that al
though fuel cost is only

Table 4.

8

percent of the

U.S. commodity average shadow prices (dollar per unit) in
1985
Base Run
Model A

High Energy
Prices
Model B

High Exports
Model C

Commodity

Unit

Corn grain

bushel

.94

1.07

2.17

Sorghum grain

bushel

1.07

Barley

bushel

.90
1.19

2.44
2.62

Oats
Wheat

bushel
bushel

Soybeans

bushel

Hay

ton

Silage
Cotton

ton
pound

Sugarbeets

ton

Total commodity
costs
Model A = 100

1.31
1.64
3.73

2.52
4.12
7.52

29.66

34.39

56.38

7.37
.27

8.28
.30

13.99
.41

15.23

16.37

20.34

112.62

216.24

.94
1.45
3.17

1 0 0 . 0 0

1 . 0 1

'

The impact of doubling energy prices

total onfarm grain production costs, fuel

(Model B) is to increase these commodity

cost accounts for 24 percent of the pro

prices on the average of 13 percent.

cessing and distribution costs of grain.

This includes the direct impact of higher

If the energy crisis is not limited to on-

fuel costs and some indirect impacts of

farm production, as it can be safely as

high energy prices on fertilizer, pesti

sumed, then retail food cost increases

cide, and transportation costs.

would be at least as large or larger than
.c
indicated in Table 4.

In a
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5.

THE ROLE OF AGRICULTURAL EXPORTS

agricultural exports under high export

Despite the sharp increase in the value

alternative (Model C) more than tripled

of energy imports since 1971, the United

from the base run.

States has managed to substantially im

cause of both larger quantities of ex

prove its balance of payments.

ports and commodity prices.

The

United States had a $10 billion deficit

Table 5.

in 1970, a record $30 billion deficit in
1971, and again a $10 billion deficit in
1972.

However, it ended 1973 with a

Changes in agricultural exports
in 1985

Commodity

'

foreign trade surplus of more than $5
billion [1],

The increase is be

Base
Run
Model A

High
Energy
Prices
Model B

High
Exports
Model C

Agricultural exports led
Corn grain
Sorghum grain
Barley
Oats
Wheat
Soybeans
Cotton
U.S. total

the way in improving the U.S. balance of
payments situation.

Although agricultur

al exports were only 25 percent of total
U.S. exports in 1973, they accounted for
nearly 40 percent of the export increases
in that year [1].

1 0 0 . 0 0

113.76
118.75
108.33

1 0 0 . 0 0

1 1 1 . 1 1

1 0 0 . 0 0
1 0 0 . 0 0

1 0 0 . 0 0
1 0 0 . 0 0
1 0 0 . 0 0
1 0 0 . 0 0

113.08
117.66
109.94
115.45

440.08
457.64
275.00
533.33
432.21
280.88
157.04
329.44

The U.S. economy bene

fits greatly from expanding agricultural
exports.

High agricultural exports in

6

.

CONCLUSIONS

crease employment both on and off the

Some people question the justification of

farm; increase the use of farm inputs

increased agricultural exports.

such as fertilizer, machinery, and other

ence of the last few years has shown that

material; and thus help other industries.

even the President of the United States

Exports are extremely important for in

can get involved in the matter.

land and sea transportation and provide

tural export embargos have become a hot

for more efficient use of railroads,

political issue debated by presidential

waterways, and U.S. ports.

and vice presidential candidates during

In sum, the

Experi

Agricul

total benefits of high agricultural ex

the current election campaign.

ports are many times larger than their

no doubt that high agricultural exports

There is

benefits for farmers alone.

tend to increase domestic food prices,

The changes in the value of agricultural

especially when grain is in short supply.

exports under high energy prices and high

But it should be indicated that such ag

exports are presented in Table 5.

expected, changes in the value of agri

ricultural exports help the United States
pay for its ever increasing imports of

cultural exports because of high energy

petroleum.

prices are closely related to changes in

Almost three years have past since the

commodity prices (Table 4).

initiation of "Project Independence."

As

The fact

that export increases are larger than

In these three years we have managed to

commodity price increases can be explained

get further away from energy independence.

by the fact that the export commodity mix
is different than the mix of commodities

In the first part of 1976 the United
States crude oil imports were running at

consumed domestically.

the average rate of 4.9 million barrels

The value of
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per day compared to an average rate of
only 3.2 million barrels per day for 1973
[4].*

Today, there is little doubt that

energy independence would not be materi
alized before 1990 and maybe even later.
Thus, for the near future, we must look
toward ways of financing our energy
needs.

With the possibility of higher

oil prices, the United States would be
forced to spend more and more money on
oil.imports.
Agricultural exports provide a major
means for financing our oil imports.
Our study shows that with a 29 percent
increased energy use for agricultural
production we can increase exports by
more than 50 percent.

The value of

those additional agricultural exports
is many times higher than the additional
value of the energy required.

Increased

agricultural exports would also help to
solve the current world food situation.
The severe drought in Europe this year
can be expected to raise European pur
chase of grain from abroad, much of which
comes from the United States.

In short,

today's agriculture is our major source
for food and fiber.

But to a large de

gree agricultural exports make our ener
gy imports possible.

*The Federal Energy Administration has estimated record oil imports
of 5.6 million barrels per day for the third quarter of 1976 [4].
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REMOTE SENSING AS A TOOL IN ASSESSING THE IMPACT OF
TOPOGRAPHICAL ALTERATIONS ON THE MICROCLIMATE
R. A. Sutherland and J. F. Bartholic
Institute of Food and Agricultural Sciences
University of Florida
Gainesville, Florida 32611

Abstract
Results and analyses of remotely sensed data taken from a NASA
aircraft are reported.
The study uses continuous data taken in
the 8-14ym region of the infrared spectrum which is directly
related to surface temperature. The analysis is concentrated on
the micrometeorological effects of lakes and hills during near
freezing conditions.
The impetus for the study is an economic one
since proper selection of a site for certain freeze susceptible
crops, such as citrus, can result in huge savings of energy and
resources.
1.

INTRODUCTION

film with density proportional to the
remotely sensed surface temperature,

Altering the earth's surface by making
reservoirs, draining lakes or extracting

giving in essence a "thermal image" of the

minerals can have a measurable effect on

overflown terrain.

the microclimate of an area and force

The moderating effect of a lake on the lee

changes in the external energy needs of

ward land has been known for decades.

communities.
This is especially
important in agricultural areas where

This occurs because cold air moving across

large amounts of energy can be expended

water and deposits it on the land to the

to protect crops from freeze.

leeward side.

the lake receives energy (heat) from the

Until

The lake owing to its large

recently, experimental verification of the

specific heat acts as a very large

impact has been difficult to assess because

heat reservoir.

an overview of an entire area is nearly

on freeze nights is the effect of relative

impossible with point sampling.

elevation.

With re

Another factor important

During conditions of calm the

mote sensing, however, it is now possible

more buoyant warm air rises out of valleys

and practical to fly over an area and

and is replaced by cold air which tends to

obtain continuous surface temperatures

"drain" in from the hilltops.

over a large area.

in a stable situation (inversion) in the

With modern techniques

the data can be processed to produce a

This results

valleys and the cold air remains trapped.
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During windy conditions, however, the

for the other missions.

For the triangle

increased turbulence mixes the air and the

missions the aircraft altitude was 2 km

"cold pockets" tend not to be formed.

and for the other missions, 1.5 km.

Our

major objectives of this paper are to
demonstrate and quantify the degree and
extent of these two micrometeorological
effects of lakes and hills.

The econom

ical significance of the study becomes
apparent from the fact that citrus growers
often fire heaters or run "wind machines"
for protection from freeze.

Fuel require

ments for one night in Lake and Orange
counties (Florida), where the study has
been concentrated, are estimated to be
over 3,000,000 gallons of diesel fuel and
over 30,000 gallons of gasoline costing
in excess of $1,000,000 per night.1

This

would be extrapolated to $5,000,000 for
the entire Florida Citrus Industry for a
single night.
2.

EXPERIMENTAL

Lake Apopka, shown in Figure 1, is a large

FIGURE 1. MAP SHOWING FLIGHTLINES FOR
LAKE STUDIES AND TRIANGLE FLIGHT.

but shallow lake, with an average depth of
about 2 m. and the temperature moderating

The data from the scanner (which senses

effect during freeze nights in the area to

in the 8-14ym range) aboard the aircraft

the south of the lake has been known for

is stored on magnetic tape.

several decades and was a major reason for

This tape is

then processed at the Kennedy Space Center

choosing this area for the studies.

into color film with each color repre
Generally either three or four overlapping

senting a particular temperature range.

flightlines each roughly 20 km long, were

This results in a rather spectacular

run during each experiment giving total

"thermal image" or "temperature picture"

coverage of the 160 km2 area outlined in

of the overflown terrain which, unfor

the inset of Figure 1.

About one hour was

tunately, could not be economically

required to fly the 3 or 4 flightlines.

reproduced in this publication.

To date, 6 complete missions have been

The eastern portion of the flightlines is

conducted in this area, 3 in February,

reasonably flat and the elevation gener

1974 and 3 in January, 1976, which were

ally increases to the west where the

both freeze nights characterized by mod

terrain is much hillier with elevations

erate winds from the north and very clear,
dry skies.

varying from 25 to 75 m.

Also in January, 1975 two more

missions were flown along the triangular
path encompassing Lake Apopka.

The entire area

is dotted by a number of lakes but other
wise is densely planted in citrus.

This night

was also characterized by clear, dry skies

It is important to note that the western

but the wind speeds were much lower than

flightline (Leesburg to Haines City) of
166

the triangle flight contains the Florida

that the error variation from grove to

ridge and is the hilliest and highest

grove is less than about 1°C except for

part of the state.

extremely bare fields.2

The flightline is

Also errors

densely planted in citrus along both

caused by variation in emissivity are
diminished by the grid reduction method

sides.

since the area when viewed on a large

roughly along U.S. Highway 27 which is

3.
3.1

scale is essentially homogenous.

ANALYSIS

Since the leeward effect of the lake was

LAKE EFFECT

to be studied those columns not immediately
General features of the lake effect are

south of the lake were eliminated from

shown in Figure 2 which was produced by

this particular analysis. Also data

first constructing a mosaic from the four

points falling on or near smaller lakes

flightlines, digitizing the data and out

were eliminated from the analysis.

lining the regions of various temperature

remaining temperatures were averaged

regimes.

across columns so that trends in the lee

This particular set of data was

The

obtained from a mission flown at 0500 on

ward direction could be detected.

10 Jan. 1976 and shows the same general

data were smoothed to remove random

trends which were found on the 1974

variations by a moving average.

missions which we will discuss in detail.

examination of the raw data it was appar

The
From

ent that there was little if any effect
due to elevation and this was borne out
in the analysis which showed elevation to
be statistically insignificant.

This is

to be expected since wind speeds were high
on this night (3-7 m/sec.).
Figure 3 shows the smoothed curves for the
three missions of 2200, 0100 and 0400
□

3,3 <T < 5.5

B

I.T < T< 3.3

□

LA K ES

@ 0 < T <

1.7

on the night of 14-15 February 1974.

The

0100 and 0400 data look very similar
except that the 0100 temperatures are

FIGURE 2. TEMPERATURE REGIMES DRAWN
FROM A DIGITIZED MOSAIC OF THE LAKE
STUDY FLIGHTS.

slightly higher with both showing a steady
decline.

The 2200 data shows a steady but

much slower decline as one moves away from

In order to gain a quantative evaluation

the lake.

of the lake effect the 1974 data were

by the fact that earlier in the evening
when temperatures were generally higher

digitized on a grid with rows (west-east)

This slower decline is explained

spaced 0.3 km apart and columns (north-

the lake was less effective than later

south) spaced 1.2 km apart.

when temperatures were generally lower.

Average

elevations were also digitized on the

Another point that can be made from this

same grid.

analysis and the data of Figure 3 is

Some caution must be used at

this point since the data has not been

that the effect is long range and is

corrected for emissivity, however, results

in fact beyond our flightlines.

from a model which accounts for scattering
in the cavity formed by tree rows show
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results are strongly influenced by the
wind.

Our ground truth showed that the

wind speeds were about the same at 2200
and 0400 (3-5 m/sec) but had diminished
to 2 m/sec at 0100.
3.2

EFFECT OF "COLD POCKETS"

Our analysis of the 1974 data which were
obtained under windy conditions showed no
statistically significant effect due to
elevation.

Conditions were much different

during the 1975 triangle flight, however,
as the winds were low (< 1.5 m/sec) and
effects due to elevation were immediately
apparent from the raw data.

FIGURE 3. PLOT OF TEMPERATURE VS
' DISTANCE FROM LAKE FOR 1974 MISSIONS.
As a first attempt, an exponential model
was used to fit the data.

That is

T = T 0e"Ax - Tie"Bx

(1)

For the 2200 data the fit was made to a
single exponential which yielded
T0 = 5.50°C and a = 0.0072/km.

These

were then used as initial values to fit
the 0100 and 0400 sets to a double
exponential using the Gauss-Newton tech
nique. This yielded for 0100, T 0 = 1.78°C,
A = 0.0072/km, Ti = 16,2°C and
B = 0.298/km.

The parameter A had to be

FIGURE 4. PLOT OF ELEVATION VS DISTANCE
ALONG HIGHWAY MEDIAN WITH TEMPERATURE
IMPOSED.

altered to best fit the 0400 data which
yielded T0 = 1.29°C, A = 0.0082/km,

As a particularly clear cut example we

Ti = 15.9°C and B = 0.390/km.

have examined data along the median of

These best

fit functions are also shown in Figure 3.

Interstate Highway 4 which intersects

Thus we gain some idea of the total dis

U.S. Highway 27 on the southern end of

tance affected by the lake and note that

the western flightline.

from this data the effect tends to extend

roughly a 0.3°C temperature drop per meter

a large distance even during the evening

of elevation.

hours which remains along with a shorter

large portion of the flightline yielded

range effect for the earlier morning hours.
However, during the later hours that area

a value of ,08°C/m for two missions flown

near the lake is more markedly affected.

accompanied by on site visits show that

These results all are intuitively clear

the effect is not due to elevation alone

but it must be kept in mind that all

but is due to relative elevation or slope 168

The results show

Statistical analysis of a

at 2200 and 0100.

Further comparisons

that is whether the point is a valley or

impractical to measure with other

not.

techniques.

This is also apparent from inspec

The effect of a lake was

tion of the raw data along the western

found to be over 2°C and cover a distance

flightline and fits the explanation of

of over 8 km.

cold air drainage mentioned in the
introduction.

of over 4°C were found to occur with
elevation.

4.

CONCLUSIONS

5.

Remote sensing has been shown to be a
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TRAINING PROGRAMS FOR ENERGY
MANAGEMENT IN DEVELOPING COUNTRIES
J. Byron Nelson, Burns E. Hegler and J. Deraid Morgan
University of Missouri - Rolla
Rolla, Missouri
Abstract
This paper discusses some of the general inter-related energy,
management, and economic problems in developing countries as well
as a common project methodology that can be used to formulate and
implement development strategies according to the needs of any par
ticular country. Because the development of human resources, es
pecially managerial skills, is critically needed, the characteris
tics of managers in developing countries, the problems they face,
and their training needs are discussed. Finally an example of a
specific training program is outlined.
1.

INTRODUCTION

2.

Numerous private organizations, gov

2.1

ernmental agencies, and universities in

nition of a "less developed country" and

requests to undertake programs to help

there clearly is no single official list

developing countries in finding an appro

ing of countries that qualify for that

priate balance between the environment,

designation.

For

In fact, there is a remark

able amount of variation in lists used by

example, engineers, scientists and others

individual scholars and international de

at the University of Missouri - Rolla

velopment organizations such as AID,

often work through the Center of Inter

the

World Bank, and the several UN agen

national Programs and Studies (CIPAS) lo

cies. [1]

cated on this campus to aid less-developed
countries in making decisions in any one

For the purpose of this paper,

countries which are characterized by a
highly industrialized economy and life

of these areas without having serious im
pact on the others.

INTRODUCTION
There is no generally accepted defi

the United States have and will respond to

the economy, employment, and energy.

DEVELOPING COUNTRIES AND PROBLEMS

style are called developed, while those

Last year, one of the

CIPAS projects was to develop a manage

with a predominantly agricultural economy
are called underdeveloped, less developed,

ment training program for a major electric

or developing countries.

power system in a South American country.
2.2

Determining the training needs, develop
ing the training program, and finding ways

GENERAL PROBLEMS
Normally the several common obstacles

to implement the program in a different

to growth of industrialization that are

culture were some of the major problems

often cited as existing in developing

which had to be solved.

countries are:
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(1) Lack of basic mineral resources

figure.

or the management of available
resources

Likewise the official exchange

rates used to convert local currencies in
to a common currency usually ignores the

(2) Limited supply of electric power

large domestic agriculture and service

(3) Shortage of a skilled and discip

sectors that comprise the bulk of the to

lined labor force

tal GNP in most developing countries. Con

(4) Small size of internal markets

sequently, differences in GNP levels and

(5) Lack of managerial skills

therefore the energy estimates relying on

(6) Lack of capital funds
(7) Inadequate political policies

them can be considerably overstated.
In
addition, LDC energy statistics have ig

(8) Inadequate productivity

nored the substantial amounts of non-com

Looking at the lack-of-power obstacle

mercial energy that some of these coun

by itself, the developing countries have

tries consume.

almost doubled their consumption of com

replace such fuels, what appears to be a

mercial energy and increased electric

rapid rate of increase in commercial power

power demand by over two and a half times

consumption is more accurately a rapid

between 1961 and 1971.

substitution of "measured" for non-measured

However, their

As commercial power sources

share of global energy only increased 1.1%

energy.

over the ten year period.

from non-commercial sources is achieved,

Sixteen coun

tries accounted for over 75% of the energy

Conversely, once this move away

the total energy demand in developing

consumed by the approximate 110 less-de

countries will tend to stabilize. [1]

veloped countries (LDC).

Another factor is the current shift of em

In the electri

cal sector, a dozen undeveloped countries

phasis away from pursuing capital inten

consumed 67% of the total LDC share and

siveness to labor intensiveness.

The em

six of them accounted for more than 50%.

phasis on full employment and agricultural

These statistics help to place the energy

production in the future does support the

demands of LDC's in perspective.

trend in reduced rates of growth for power

What

they indicate is that in the context of

demand.[1,2]

total energy use, LDC's play a minor role

increases in actual energy costs since

and that within this LDC group only a few

late 1973, it is also reasonable to antic

Given the rapid and major

nations have offered significant growth

ipate a definite restraining effect on

prospects.[1]

energy consumption in developing countries.

Published forecasts of total energy

In summary, almost all of the developing

demand growth in developing countries are

countries will soon have relatively stable

usually overstated, because these fore

demand for total energy, because the trans

casts are normally based on the GNP grow

fer of commercial for other energy sources

th rates.

is anticipated rather than real growth in

For instance, one survey of al

most 300 individual LDC electrical demand

industrialization.

forecasts revealed that over 60% of the

greater emphasis on the management of al

projections were in error by as much as

ready available power sources.

20%.

Thirty-percent of these demand fore

What is needed is a

Another look at the other obstacles

casts were inaccurate by as much as 40%.

to progress strongly indicates then that

GNP growth rates are usually inflated, be

the most strategic factor is development

cause many developing countries fail to

of human resources.

include non-market activities in the GNP

personnel in the areas of technical
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Training of local

The value system includes all the insti-

methods, general management, human rela
tions, and systems engineering methodology

itutions and factors within the developing
country that determine the way of life of

is needed to ensure the best utilization
and allocation of available and projected

the nation.

resources of energy upon which so many

basis for distinction between acceptable

Values are factors forming the

other solutions to problems rest in a de

and unacceptable and hence determine what

veloping country.
Management development is much dif

is desirable in a particular country.

ferent in a developing country than here

or inhibits the inputs required to main

in the United States.

tain the human and social structure within

It

is the value system which either provides

Our new engineer

ing graduates normally have a cultural

the environment.

background and some exposure to manage

for developing countries should take hu

ment in their education program.

man and social subsystems into considera

Then

Any mixture of programs

they receive management training on the

tion.

job.

upon whether the value system maintains it

Management expertise exists and can

Therefore, program survival depends

be transferred within the organization.

or not.

The program should either adapt

This situation is usually missing in de

to the forces of the value system or

veloping countries, because of the missing

attempt to change them so that it will re

middle management and circumstances pro

ceive the required inputs.

hibiting the necessary time for on-the-

combination of adaptation and change is

job training.

more appropriate, but in the case of de

3.

Normally, a

velopment planning, the thrust of the pro

METHODOLOGY FOR DEVELOPMENT

grams should be directed toward change.
3.1

INTRODUCTION

Otherwise the intended improvements will

Even though the degree of develop

not take effect.

Any change that is not

ment varies from one developing country

a fundamental change in values merely ex

to another and no single formula can be

tends the present rather than creating the

used for all nations, a common methodology

future.

Therefore, all attempts should be

can be used to formulate and implement

concentrated toward changing the value sys

different strategies according to the

tem of the country.[3]

needs of a country.

one country in Africa engineers who were

Development projects

For example, in

should be systematically prepared, evalu

working on the improvement of the 30% line

ated, and implemented in conjunction with

loss in an electric power distribution sys

the development objectives of each coun

tem did not see anything wrong with allow

try.

Such a systematic methodology in

ing people to tap onto the lines for under-

volves five distinct phases:

the-table payments.

(1) Goal setting

3.2

GOAL SETTING

(2) Program preparation
Goal setting, the first and one of

(3) Program evaluation and selection
(4) Implementation

the most critical phases of the system,

(5) Effectiveness measurement

should fit the development objectives of
the country which must first be establish

The external inputs to the development
projects are provided by the environment

ed.

of the developing nations as they flow

quently cited as development objectives
of developing countries [4,5]:

through the value system of the country.
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The following general list is fre

(1) Improve the standard of living

remaining alternatives and prepa

(2) Improve the national income

ration of information required

(3) Reduce unemployment

for the selection phase

(4) Achieve self-reliance

During this phase, one must be careful

(5) Achieve equitable income distri

about several possible pitfalls.

bution

One pit-

fall is the traditional approach which'

These objectives and others could be used

looks for possibilities of programs and

as a starting point, but to formulate a

then tries to relate the program contri

plan comprised of suitable projects re

bution to the objectives.

quires operational or functional goals.

better to translate the functional goals

These operational goals should be defined

as stated in the goal-setting phase into

in relation to the present needs and the

concrete alternative plans of action.[3]

future desires.

Another possible pitfall occurs when we

This is accomplished by

a two-stage process:

It is far

narrow our sights and only look for po

(1) Determine the present needs

tential projects that will change an un

(2) Define the future desired states

satisfactory situation.

Improving a "sat

Consequently, these functional goals are

isfactory" situation may benefit a develop

goals related to a functional area of con

ing country much more significantly in

cern rather than specific procedures, pro

some cases.

ducts, or services.
3.3

A third related pitfall involves how
one designs the alternative programs to be

PROGRAM PREPARATION

evaluated later in the next phase.
Goal setting should lead to the def
inition of the desired future structure

the traditional approach usually involves

of the value system and the output of the
development program.

two basic steps:

The program prepa

(1) Analyze the existing situation

ration process should establish what kind

and record in detail what is

of performance is required to realize the
desired structure.

presently being done.

It should define the

(2) Try to eliminate and/or modify

necessary actions as well as the re

all undesirable or inefficient

sources; human and non-human, which should

components of the situation.

be expended in the process of development.

This traditional approach unfortun

In the program preparation phase, the best

ately has a backward-looking goal, be

possible courses of action to achieve the
goals should be determined.

cause the goal is only to move as far as

There are

possible away from the existing situation.

four stages of the project preparation
phase:

How far the move should be and in what
direction are not specified.

(1) Definition of the objective and

After analy

zing the existing situation in detail, the

the scope of the program

designer's field of view for new ideas and

(2) Formulation of alternative

alternatives is adversely narrowed to just

courses of action

modifying the existing situation some

(3) Preliminary screening of the al

what. [6]

ternatives in terms of contri

To avoid this traditional ap

proach, the ideal design concept can be
useful. [7]

bution to development objectives,
cost and degree of feasibility
(4) Further analysis of

When

trying to change a particular situation,

The ideal design approach involves
three basic steps:

the
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existing and proposed situation. A lot of
hidden costs in this implementation phase

(1) Conceive various ideal designs
at different levels

and afterward can be reduced or avoided

(2) Determine a minimum list of

completely by proper plans for work, fa

significant constraints

cilities installation, manpower, and sched

(3) Design alternative plans which
just by-pass the significant con

uling.

Unfortunately, this phase is not

straints

given the emphasis it deserves because of

Here the designer does not tie himself

several reasons.

down to the existing situation before or

get the program into operation may force a

during his search for new ideas.

poor and hurried job of implementation, or

This ap

Unrealistic deadlines to

proach first focuses attention on what

the design of the proposed program may be

should be done to meet the country's goals

so impressive that the people involved act

and the program objectives and then on

as if the program will install itself.

what can be done under the minimum number

a result of these reasons, many worthwhile

As

of constraints.

The ideal situations con

designs never start out "on the right foot"

ceived serve as forward-looking goals. The

and the expected performance never materi

direction and possible amount of change

alizes .

have been specified.

In addition, what

3.6

EFFECTIVENESS

advances in technology and changes in con
The effectiveness of the development

straints necessary for long-range improve

program should be assessed at all levels

ments become evident.[6,7]

up to the national level of the developing
3.4

EVALUATION AND SELECTION

country.

The purpose of program evaluation

meaningful only with respect to the objec
tives.

and selection is to assure effective and

Any effectiveness measurement is
In case of development planning,

efficient use of available resources. The

the criteria of effectiveness is the de

multiplicity of objectives of development

gree of progress in areas of concern such

planning makes it necessary to use other

as education, health, housing, welfare,

means of evaluation and selection than

income distribution, national income, etc.

those used in evaluation and selection of

Traditionally only economics indicators

commercial projects.

are used to meaure the results of a de

The basic criteria

of evaluation and selection should be

velopment program.

maximum possible contribution to develop

understanding that development is not only

ment objectives, cost, and minimum ad

an economic phenomenon but should cover

verse consequences.

all aspects of life, new approaches and

The selection pro

cess should end up with the best set of

However, with the

indicators have become necessary.

The

projects with respect to technological

field of social indicators seems to be

and resource constraints. [3]

useful for this purpose.

3.5

It is possible

to use some of the available social indi

IMPLEMENTATION

cators and develop new indicators as
Any program can be implemented in a
variety of ways.

needed to measure the results of develop

What must be determined

ment projects.[3]

is how and when the program can best be
installed.

4.

Plans must be drawn up con

cerning the sequence of steps required to

4.1

achieve a smooth transition between the

AN ENERGY MANAGEMENT PROGRAM

INTRODUCTION
An application of the above concepts
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the energy system with regard to advanced

can be found in a recent program developed
by the authors.

technical methods, administration, and

This program was designed

to assist a developing country overcome

human relations in addition to providing

the obstacles of limited electric power,

practicing engineers and managers with

shortage of skilled labor and lack of

applied training in areas useful to their

managerial skills in its electric energy

current and future work in the energy power

systems.

industry.

One of this particular nation's

goals was to improve the general standard

Engineers and managers will be

given a working knowledge of the fields of

of living through the distribution of

general management and management science

electric power.

which would aid them in making current and

Only 30% of the popula

tion had access to electricity in homes

future contributions in economic and stra

and small factories.

tegical planning, organizational effective

Skills in managing

this massive project, as well as managing

ness, resource allocation and utilization,

the existing energy system, were the most

and operation of electric power systems.

critical long-term factor in this case.

Specialized technical training will also

The program, developed at UMR in conjunc

be provided in construction methods and

tion with management in several U.S.

scheduling; power generation, transmission

power and public utility organizations

and distribution; power demand and re

and officials and educators in the partic

source forecasting; power system mainten

ular country, was designed to provide

ance; and information system design.

management and some technical training as

4.3

VALUE SYSTEM

well as to change some of the existing
In an in-depth survey of more than

value system.

3,600 managers from 14 countries, the
4.2

TRAINING

similarities and differences in management

Most of the management personnel had

thinking, style, and strategy were inves

adequate engineering and technical back

tigated. [8]

In some cases managers ex

grounds but the concepts of management

pressed similar beliefs about management,

science, organizational development, in

thus supporting the theory about the

formation systems, economics, and finance

universality of managerial philosophy.

were lacking in many branches of the or

However, in other cases, management at

ganization.

titudes were not similar because of the

For example, we were recently

strong influence of cultural differences.

told that the organization had just lost
60% of its system analysis and computer

Language and level of industrialization

expertise when one engineer, trained in

were not primary causes of management dif

the United States, had left the organi

ferences in the empirical findings.

zation.

Training foreign nationals for leader

In another example, the organi

zation was getting almost all of its in

ship positions requires a consideration of

come from limited governmental sources,

the cultural influences on management's

because a method for billing and collect

thinking.

ing from customers in the urban areas was

tices are strongly linked with general

not working properly.

cultural values.

Consequently, the

Managerial strategy and prac
In many cases, the usual

training program in energy management,

assumption seems to have been made that

presently in the evaluation phase, was

one can take a person from whatever pat

designed to provide a harmonious inte

tern of life one finds him in and add a

gration of new engineering graduates into

set of managerial and industrial skills,
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leaving the rest of the organization of

should be managed in a work situation, the

his life unchanged.

answers from these developing countries

The close relation

ship between general culture patterns and

were the least democratic or the most auto

managerial style and strategy seems to

cratic.

deny this.

sharing information and objectives, and

The problem is not just to

Managers were negative about (1)

inject our techniques of leadership and

(2) employee participation in decision

control into an otherwise unchanged per

making.

son, but to help him develop the whole

to motivate performance was primarily

view and practice of life that goes with

through economic rewards.

certain kinds of managerial philosophy.

developing countries tended to strongly

To try to abstract a potential manager's

view the managerial role as one "to direct'

general values of life, and to manipulate

rather than "to persuade".

in a training program only the on-the-job

time, managers in these countries felt

Also they felt that the best way
Managers in

At the same

practices of leadership and management,

that their jobs gave them little authority,

is a form of latter-day sociological co

opportunity for independent thought and

lonialism which will probably have results

action, opportunity for personal

similar to those of the geographical ex

and use of unique capabilities, and feel

pansionist colonialism of an earlier day.

ing of worthwhile accomplishment.

Central to the act of managing is
dealing with people.

growth
More

than any other group of nations, the de

The way in which

veloping countries management felt that

managers work with people depends upon

these needs, as well as security, social

their assumptions about what people are

and esteem needs, were extremely impor

like and how people can most effectively

tant.

be led by a superior.

gree to which need fulfillment meets ex

These assumptions

Job satisfaction refers to the de

will thus influence how the organization

pectation.

structures its operations and procedures.

developing countries were the most dis

The critical point is not what abilities

satisfied with the whole range of needs.

On this score, the managers of

and traits the employees actually have

In the majority of cases, the problem was

but rather what their capabilities are as

not that needs were not being fulfilled in

seen by higher-level managers.

Their

their jobs, but their expectations were so

assumptions and beliefs may be incorrect,

unrealistically high when compared to

and the management practices which they

countries like the United States.

advocate may be ineffective, but such

These results have broad implications

assumptions and beliefs are likely to

for management developing countries. First

determine how organizations are, in fact,

of all, top-level management cannot do all

operated.

of the engineering and management decision

Based on the survey, there exists a

making.

strong belief in the uniqueness and dig

The value system which favors

everyone in the organization running to a

nity of the individual employee among the

few top managers for all decisions, no

developing countries in South America.

matter how minor, must be changed.

Consequently, managers responded nega

true level of middle-management and dele

tively to the concept that the average

gation of real authority down through the

person wishes to avoid responsibility and

lower levels must be established.

has relatively little ambition.

management must be helped to recognize

However,

when the questions concern how individuals
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Top

all engineers as a part of the management

team.

This requires delegation of author
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Douglas A. Hellinger and Stephen H.
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Multinationals: A Strategy f o r ~ Tech
nological Change in Latin America,
Kennikat Press, Port Washington, New
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ity and assumption of responsibility at
all levels.

Second, one of the most use

ful approaches to management training in
the development countries, especially
training directed to young and inexperi
enced managers and engineers, would be to
help the trainees develop realistic ex
pectations concerning the motivational
satisfactions and frustrations they are
likely to encounter in their jobs as a
result of their present over-glamorized
view of rewards to be obtained in mana
gerial jobs.
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Abstract
A discussion is presented of some of the factors which enter into the economic
evaluations and optimizations of energy consuming or producing processes with
special emphasis on international projects with multiple national and financial
interests involved. In such analyses the objectives and the prices of energy
and other factors used have an important effect.
1.

INTRODUCTION

Critical factors in technical development of proc
essing industries throughout the world include
investment, material, energy and manpower require
ments. The combination of these factors into an
economically feasible production process usually
requires a number of evaluations of alternatives
and some efforts at optimizing the process varia
bles to achieve the best operating conditions. In
order to evaluate and optimize processes it is
necessary to establish criteria for determining
the "best" of two or more alternatives, and these
criteria should be based on the objectives of
those responsible for the project.

in a single country. A capital-exporting country,
a capital-importing country of location, an
international lender, and a owner may be involved,
each with their own objectives and criteria.
Although the owner is normally the responsible
party, it may be necessary to obtain approvals
or meet the requirements of a number of parties
involved to achieve a successful project. In
addition to the goals of profit, other objectives
of a partially political nature may be important,
including energy independence, foreign currency
flows, employment, national prestige, and other
non-monetary benefits. These not-completely-forprofit objectives vary widely from one nation to
another, with the possibility that any given
factor will vary from high to low priority.

The increasing scarcity and costs of high quality
fuels has increased the relative importance of
energy requirements in process economics, but it
has not eliminated the importance of the other
factors. The supply of energy is largely inter
national in nature and increases the importance
of international aspects and operations in the
process industries. In an international project,
the criteria and objectives may be much more com
plex than those involved in a single organization

It is the purpose of this paper to present some
possible methods for including energy considera
tions, international factors, and the coordina
tion of various input factors into the engineering
economics, evaluations, and optimizations of
processing industries.
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2.

PROCESS ENERGY AND ECONOMICS

The problem of conserving energy or reducing the
costs of energy involves complex relationships.
It is obvious that certain methods can be used to
conserve energy, such as increased insulation,
increased sizes of heat exchangers, and improved
operating procedures. However, since all these
methods increase non-energy costs, they cannot
be used without limit. If a process was designed
to use the minimum amount of energy it would
probably require infinite insulation thickness
and possibly infinite heat exchanger size, and
lead to ridiculous capital costs and possibly
very high operating costs for materials or labor.
Thus the objective in a process design must be
minimum total cost or maximum total profit or
similar objectives related to benefits produced.

are apt to vary in the future operations. In
addition, the prices used, the objective function
optimized, and the limiting conditions may vary
depending on government policies.
In some ways, international projects may be much
more sensitive to energy costs and policies than
projects involving a single nation. Costs in
general may be more variable and it may be more
difficult to compare future operating costs and
sales over many years with present requirements
for cash investment. Future policies with regard
to energy imports or exports may be difficult to
estimate, and limitations may be complex on capi
tal and currency flows. However, in most coun
tries it is probably safe to assume that local
products and local labor will be available for
energy or other import cost savings for some time.
In addition, most projects which can be shown to
decrease energy, import, or foreign currency re
quirements, or to increase exports, will probably
be welcome. The evaluation and optimization
of processes for international operations should
give some consideration to the various objectives
that might be involved.

In general, in optimizing profit or cost related
variables, the higher the energy cost per unit,
the more the optimum conditions will be shifted
towards lower energy consumption. Conversely
the lower labor or material costs are, the more
the optimum conditions will be shifted towards
higher labor or material consumption to reduce
other costs, including energy. Also, the lower
depreciation rate and the return required on
capital, the more process conditions should be
shifted toward increased capital with savings
in non-capital costs. Thus, in a process design
or in optimizing process operations, increased
energy costs will result in lower energy con
sumption with increased capital, material, or
labor consumption, the amounts depending on the
costs of these items relative to energy and each
other. Actually in a profit or cost optimization
it will cost exactly as much to save the last
BTU of energy as the price used for energy. The
appropriate price in the optimization should then
be the amount those responsible are willing to
pay for a BTU of energy saved. Appropriate
prices for an optimization could be present
prices with some modification based on how the
costs of investment energy, material, and labor

3.

METHODS OF EVALUATING INVESTMENTS

A number of criteria have been developed over the
years for evaluating investments on the basis of
profit for commercial enterprises. The basis
for most of these methods is some sort of equiva
lent interest rate to which the profit or return
rate is compared. This return rate to which in
vestments are compared may vary widely for various
countries (Chaykowski and English, 1975, Fleischer,
1972, Dasgupta, et al., 1972). The interest rate
or rate of return required for a given investment
should be based on at least three factors. First,
since money, capital, or investment funds have
value, the use of this value over a given period
of time has value for which the lender or investor
expects compensation. Second, inflation or de
flation will change the value of a given quantity
of money over a period of time and the investor
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(1968), Rudd and Watson (1968), Perry (1973),
Dasgupta, et al., (1972), and Fleischer (1972).
Maximizing venture worth is probably the best
method of maximizing profit above a certain re
quired rate of return.

will consider this in evaluating the monetary re
turn for his investment as it occurs with time.
Third, the potential risk of losing all or part
of invested funds should be compensated for by
the interest or return rate as a sort of insur
ance premium in addition to a risk-free expected
return or as a payment for the investor's risk.
The overall return rate will be approximately
the sum of the amounts expected for all three
considerations, and perhaps others. In inter
national projects these factors may vary widely
from nation to nation and an appropriate interest
or return rate may be difficult to estimate.
Also, actual interest rates may vary from very
low concession rates to very high rates.

TABLE I
Engineering Economic Evaluation Calculations
Original Investment Costs
Ip = Fixed Investment in Plant and Equipment, $
Ip = Investment in Land, $
Iw = Investment in Working Capital, $
Ij = Total Investment = I p + I L + I w

For this discussion let r equal the required con
tinuously compounded rate of return required with
time, as a fraction of the investment per year.
The following 3 equations can then be used to
convert an amount of currency It^ at time t-| to
the equivalent amount I^2 at time t2> or vice
versa, and a uniform continuous flow of R, in
currency per year, from t^ to t2 to an equiva
lent amount Ip at time t-| or I p at time t2,
where t is in years.
It = It er(t2 ' V
p

Yearly Flows of Monetary Values

(2)

_ R(er(t2 ' V - 1)
r er(t2-t1)

(3)

= Cash Receipts from sales and services,
$/year

CT

= Total yearly cash costs, not including
depreciation, $/year

D

= Yearly depreciation, assume straight
line depreciation for this paper =
(IF - Is)/N

S - CT> $/year
CFBT = Cash flow before taxes
= Profit before taxes = ! - CT - D, $/year
PBT

(1)

= R(er(t2 ~ V ~ I)
r

S

TX
PAT

= CFBT " D
= Tax on Income = T^pPgy
= Profit after tax = PgT

TX

" TXF^PBT

CFAT = Cash flow after taxes ; FBT
= CFBT TXFPBT - CFBT^ " Wxf ) + TXFD

number of variables useful in evaluating processes
or process alternatives. All equations are based
on constant continuous yearly flows over the life
of an investment and continuous interest or re
turn. This discussion will be restricted to
these methods and assumptions. Evaluation vari
ables are also important as objective functions
for optimizing design, operating, or control
variables. These variables have been discussed
adequately by Jelen (1970), Peters and Timerhaus

- pAT + 0

Other Variables of Importance
Ig = Salvage value of original Ip after N years
N = Life of plant and equipment in years based
on physical conditions, obsolescence, and
market changes.
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TABLE I (cont.)
r

= Required rate of return after tax as a
fraction or % of investment/yr, equivalent
to interest rate after tax

Tvp = Income tax as a fraction of income before
n
tax
Measures of Profitability
TI

Return on Investment
PAT
a

+ l L + !W
OT

100, %/year

Pay Out Time
= 7 ---. years
TAT

replaced costs added if useful and available to
the national economy. The resulting quantity could
be called "Change in Gross National Economic Bene
fit" (GB herein), or something similar. For ex
ample, fuel usage to dry grain, replacing sun and
air dried grain, would result in a GB of DRY GRAIN
VALUE - SUN-AIR DRY GRAIN VALUE - COST OF FUEL DRY
ING LOST TO ECONOMY + SUN-AIR DRYING COSTS MADE
AVAILABLE AND USEFUL TO ECONOMY (if any). For
foreign currency flows or gross national economic
benefits, it might be desirable to subtract a frac
tion of all labor costs based on the average frac
tion of labor earnings spent on imported goods
requiring foreign currency, but imported goods are
benefits to the nation.

= Venture Profit (simplified)

It is important to emphasize that measures of
specific types of partial flows of currency or
values are not suitable variables for optimization
unless no other variables are changing, because
these flows do not include all costs. Thus a
project based on maximizing foreign currency in
flow (or minimizing outflow) might indicate a use
of a ridiculously large labor force, or a use of
all the country's timber, or similar excessive
local costs. The same might be true of a gross
benefit optimization. However, even though not
suitable for optimization, such calculations may
be useful in demonstrating public benefits for
governmental purposes or for understanding how
an investment might influence a country's economy.
Such calculations could also indicate the types
of process modifications most likely to obtain
governmental approval for licensing, foreign
currency exchange, export of profits, etc.

= PAT - rip $/year
= Venture Worth or Present Worth
Nr
n
/l
>
1)
CFAT^e
+ (IL + Iw + Is)/erN, $
= -IT +
Nr
re
CF

Value of r that will make Vw = 0, fraction
or % per year.

°BR = Cost-Benefit Ratio
= Value of all Costs converted to 0 time
Value of all Benefits converted to 0 time
It is also possible to modify all the variables
used in Table I, according to specific desired
criteria. For example, a country short of foreign
currency could consider all of the variables de
fined in terms of foreign currency required for
investment and costs (including depreciation of
imported equipment) and foreign currency income.
Another way of evaluating the flows of benefits
■and costs for a government would be to consider
the profits to the government plus domestic
owners: This would be the profit before tax minus
any exported profits or interest. Another method
of evaluating national benefits from a production
facility would be to subtract from gross income
only the costs lost by the national economy to
this facility. Surplus labor or material inputs
would not be considered as costs. The value of
products replaced should be subtracted and their

A very hypothetical example of the optimization
of a process variable and the effect of this
variable on various economic measures is given in
Table II and the results are shown in Figure 1.
The plots shown in Figure 1 show how the various
measures of profitability change with the insula
tion thickness of the refrigerated space. In this
case the optimum of Rq j , Pq j , and CBR all fall at
6 cm of insulation. The optimum of Vp and Vw fall
at 9 cm of insulation thickness, and this is
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probably the most appropriate optimum, since it
This example illustrates that optimum design con
best represents the maximum profit above the de
ditions can depend upon the objective function
sired rate of return after tax. The maximum ven
which is maximized or minimized, and the choice
ture worth of gross benefits is slightly higher at
of objective function is important in the design
10 cm, the venture worth to owner and government is
of a production process. In a complex multivari
at 11 cm, and the venture worth of foreign currency
able design and optimization it would not be feas
involved does not reach a maximum up to 15 cm of
ible to optimize with respect to several objective
thickness (primarily because insulation has zero
functions and it would be more important to select
foreign currency cost). Minimum energy consump
the appropriate measure of profitability or bene
tion would be at an infinite thickness, and infin
fits prior to optimization.
ite investment.
TABLE II
Economic Study in a Fish Freezing System
Purpose of System:

Increase efficiency, utilization, and profit
from a remote fishing industry.
Process variable studied: Insulation thickness, x, centimeters.
Life of Facilities: 20 years.
Income Tax Rate: 40% of income before tax.
Fraction of domestic labor costs spent on foreign products: 5%
Fraction of domestic operating cash costs lost to economy: 10%
Maintenance costs: 5% of fixed capital per year.
Depreciation: 5% of fixed capital per year.
Other Costs: 5% of fixed capital, none in foreign currency.
Required rate of return after tax: 15%/year
Interest Rate on Borrowed Foreign Currency:
Products Replaced: None

12%/year

Lump Sum Investment Required
Total in
Domestic Currency Units
Plant and
Refrigeration
Insulation'
Working Capital
Land
Total
Salvage Value of
Faci1ities

215,000 + 45,000/(1.2 + x)
2000X

Foreign Currency
in Equivalent Units
13,500 + 40,500/(1.2 + x)
0
2000
0

10,000

0

225,000 + 45,000/(1.2 + x)
+ 2000X

15,500 + 40,500/(1.2 + x)

0

0

Income and Expenses per Year (+ income, - cost)
Total currency units/year
Increased Sales
+ 540,000
Labor
- 250,000
Utilities(50% Energy) -(16,000 + 60,000/(1.2 + x))
Maintenance
-(10,750 + 2,250/(1.2 + x)
+ 100X)
Depreciation
-(10,750 + 2,250/(1.2 + x)
+ 100X)
Other
-(10,750 + 2,250/(1.2 + x)
+ 100X)
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Foreign, equiv. units/.year
+ 108,000
- 0
-(8,000 + 30,000/(1.2 + x))
-(675 + 2,075/(1.2 + x))
-(675 + 2,075/(1.2 + x))
-0

The most satisfactory approach to a problem in
volving multiple criteria for approval would be to
optimize according to the desired criteria of the
responsible party (the owner), but at least at
the optimum on this basis or at a number of

conditions, calculate the profit or benefit
measurement criteria for the other parties who
must approve (governments, lenders). If the
optimum for the owner did not meet government or
lender criteria adjustments in design conditions
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could be made to meet the requirements for aproval. One way this could be done would be to
add a constraint equation to the optimization
problem to make certain the requirements were
met. For example, in the above problem, if the
government required a foreign currency venture
worth of 520,000 (because a fish canning opera
tion could produce this much), the inequality
constraint Fyw > 520,000 could be used in the
optimization procedure to discard all insulation
thicknesses that produced FyW values less than
520,000. Such a condition might result when an
alternate investment could produce a certain
value, and the two investments were mutally
exclusive.

*Based on Total Investment (owners & borrowed)
**Basis r = 15%/year
4.

COORDINATING INVESTMENT COSTS AND PRODUCTION
IN AN INTERNATIONAL ECONOMY

A small country or a developing country must
participate in the international economy in order
to obtain many of the benefits of large-scale
production and modern technology. Also a multi
national company derives advantages from opera
ting on an international scale by use of large
scale production and coordination of operations.
In each case there is the problem of coordinating
many operations and sources of supply in an approx
imately overall optimum manner. For example cer
tain nations may have to import either food,
fertilizer, or energy to produce fertilizer, or
any suitable combination. Overall optimization
could be so complex that by the time an optimiza
tion program, results, and implementation are ob
tained the optimization assumptions might be
obsolete.

For the example presented in Figure 1, a table
such as Table III could be used to show the
effects of various financing arrangements on the
criteria of various parties that might be in
volved.
TABLE III
Optimized Results, Fish Freezing Plant

Rudd and Watson (1968) present a chapter on "MultiLevel Attack on Very Large Problems" which may be
helpful in arriving at approximately optimum con
ditions. One approach to this type of problem
proposed by Lasdon (1964) is to adjust the trans
fer prices between the various operations to
produce the overall optimum, assuming each of the
individual operations is operating under optimum
conditions. The assumptions of optimum individual
plant operation is often incorrect, but a least
in commercial or industrial units, the goal is op
timum operation and conditions should move toward
the optimum.

All Cases*: Optimum X (Basis V^, r = .15) = 9 cm
R0I = 56.4%/yr, PQT = 1.57, CBR = 0.258,
Vp** = 102,390 $/yr, Vw**(max) = 712,000 $,
Energy Cost = 10, 941 $/yr

Criteria

50% Foreign
100% Local Borrowed at
Investment
12%

50%
Foreign
Owned

VW0G**’ Venture
Worth Domestic
Owners and
Government

1,301 ,100

1,324,700

945,150

VWGB**’ V-W’
of Gross
Benefits

2,816,700

2,840,200

2,460,700

528,200

428,100

48,840

This procedure can be applied to an optimization
of a national economy or to operations of a large
corporation with a number of production units ineluding units in various countries. For a simple

F ** V W

hVW * v-wof Foreign
Currency Flow
Lenders
Interest

-

12%

-

-

example, let Figure 2 represent a large organiza
tion with production units A, B, and C, each of
which may involve many subunits. If it is assumed
each of the units has the responsibility and
capability to optimize its supply and production

Vw** of Foreign
Ownership

356,000
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rate of major inputs and outputs, stream rates S
in Figure 2, then the equations representing op
timum production should apply for each unit. If
it is also assumed that the overall objective is
to provide income from sales minus costs to and
from external sources, overall optimum equations
can be derived. It should be noted that this may
not be the objective of a national economy since
it may be more important to develop high internal
flows of production to satisfy domestic needs
rather than make profits on foreign trade. How
ever, in most cases ability to export at a profit
indicates a stronger domestic economy, and export
income is directly related to ability to import
needs, including energy, for the domestic economy.
At any rate, this analysis will be based on op
timizing overall income from external sources,
primarily as an example of this type of analysis.
Other objectives can be chosen if they can be
adequately measured and related to supply and
production rates and prices.

equations to determine the optimum relationships
of the prices of various streams. Assuming ex
ternal prices are fixed by external market con
ditions (the international market for a country,
the market from or to which supplies or products
move in the case of a corporation), and are be
yond the influence of the system, then internal
prices can be related to external prices. A
country exporting scarce products, such as energy,
may be able to control prices, but internal prices
should still be related to external prices.
If the objective function U for each unit is re
lated to stream flows, S, prices, P, and all other
costs, F, a function of the unit and rates, and
the objective functions are defined proportionally
to inflow minus outflow of monetary value, then
the following equations apply:
U = sales-cost supplies-other costs
UA = S1B P1B + S1C P1C ' S3A P3A "
S P
UB = S2C P2C + S2E P2E
IB rlB F(B)
UC = S3A P3A + S3E P3E " S2C P2C

F(C)

UE = S3E P3E + S2E P2E F(A) - F(B) - F(C)
At the optimum conditions for the overall system
with respect to external flows,
8Ul:
3S,
3E

o = P „ 3E 3S,
/ u ”J3E

3S,
“J3E

. aF(C)
3S,
“°3E

since S3E has no direct effect on A or B,
3F(A)
= 0
SS3E

3S3E

p

T

”S3E

3S3C
S3A + S3E’ or 3S = 1,
3E

and since S
3C
3U
— i =

Jffii, o

f

. MIC)

as

3E

= p

3 f (c ) _

T3E
c ■ Tt
3S

3C

-

(4)

similarly,

Figure 2.

3Un
3S2E

Example of Very Large Economic
System with Individual Production
Units and Subunits

P . 1£M=
o
as26

P2E

(5)

If unit B is operating at its optimum rates, then
in similar derivations as equation (4),

If optimal equations are obtainable for each unit
relating production rates to prices then these
equations can be used with the overall optimum

3UB_
as
2C
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2C

. 1ZM = o
9S2B

(6)

supplies and demands should balance at the opti
I!s_. p
3S2E
2E
3UB

.

p

3Sib

|HiI. o
3S2B

3Sib

demand determining prices.
(8)

It should be emphasized that the above simplified

:

analysis applies to only those processes and opera

Al so on unit C at optimum,
= _p
3 S 2C

tions which are operating at optimum or near opti

. 3F(Ci= o
2C

This 1s what would happen In a theo

retical free market system, with supply and

3F(B) _
16

mum price.

(7)

3S2C

mum conditions and can adjust conditions and rates
.(9)

of production readily toward changing optimums.
It does not consider the dynamics with changing

8UC

- p

3S3E
3UC

-

553A
3uc
B,c

-

MO _ 0

3e

«3C

3»

T T

MO _ 0

p

p

he

M C I
3S,C

_

0

conditions.

00)

Oi)

(12)

From these and similar equations on Unit A and
sufficient information on F(A), F(B), and F(C)
and knowledge of the external prices at various
production rates, it would be theoretically pos
sible to calculate optimum prices and stream flows.
However, a simpler approach is possible.
Equation (4) and (10) are identical as are (5) and
(7) indicating that unit optimization meets the
requirements of overall optimization for external
streams. Equations (6) and (7) show that P2C =
P2E for optimum stream flows. Similarly it can
be shown that PgA should equal P3£ from (10) and
(11), and from an analysis of Uft it can be shown
that P-jE should equal P^g. Any or all of the
streams shown in the diagram could be reversed
to give negative flows and the relationships der
ived would still be the same. Thus, whether
bought or sold, imported or exported, internal
prices within a large system should be equal to
external prices for the same product, allowing
for transportation. In addition, all internal
prices for the same product should be equal
for optimum conditions. The analysis up to this
point indicates that prices should be set so
that when each unit is operating at optimum for
the given set of prices, all the supplies should
balance all demands. Completely internal

Such an analysis could be applied to energy and
other imports or exports. Although hypothetically
the same analysis could be applied to the supply
and demand of labor, the assumption of optimum
production or supply of labor based on price is
completely false and the production of human labor
supply by birthrate seems to be the reverse of
optimization (the more the surplus and lower the
price, the more is produced and vice versa). This
is probably a very important factor in economic
stability. This type analysis could also be ap
plied to the supply and demand of investment funds
and their price (interest), and this could include
foreign currency.
The reasonable implications of this analysis are
that it is not necessary to control or fix prices
for industries which are capable and willing to
operate at near optimum conditions in a free mar
ket economy (including free export and import cap
ability). In addition, units of production not
capable of operating in a free market with no
non-monetary benefits are probably not contributing
to the system. The analysis implies also that
monopolistic practices, highly centralized manage
ment, administrative, or control structures over
very large systems may be unnecessary or undesir
able in achieving optimum economic performance.
It is more important for each of the units in
volved to be capable of optimization and for free
market prices to exist between units and between
units and external suppliers and customers.
Another important consideration for administration
of economic systems is that an improper fixing of
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prices will help some units but hurt other units
and their contributions toward the optimum produc
tion condition. Excessive bureaucratic controls
can very easily create almost impossible barriers
in the technical improvement of small industries,
even when the improvements could be economically
justified and benefical to many local people.
Under such conditions the contribution of smallscale industry would not be optimum and probably
not even near optimum.

This study also indicates that optimization of
Individual units under appropriate price condi
tions may reduce or possibly eliminate the need
for overall optimization of all units within a
system, and that at least in some cases, the ap
propriate prices are the free-market prices.
6.

Chaykowski, J. E., and English, J. M., "What
Discount Rate Should be Used for Evaluating
Development Projects," paper prepared for
World Congress on Educating Engineers for
World Development, ASEE, (1975).

On the other hand, a conflict of interest between
the central administration and a large unit could
lead to improper price conditions for the large
unit and less than optimum production. In a small
country such a conflict might exist between a
monopolistic industry and governmental control of
prices, where neither situation would provide the
optimum conditions. One important aspect of this
analysis seems to be that under free market prices
the objectives of the individual production units
will probably be consistent with national ob
jectives .

Dasgupta, P., Sen, A., Marglin, S., "Guidelines
For Project Evaluation," UNIDO, United Nations,
N.Y. (1972).
Fleischer, G. A., "Engineering Economic Analysis
in Developing Countries," TECHNOS, 1, No. 1,
(Jan.-March, 1972).
Jelen, F. C., Ed., "Cost and Optimization Engin
eering," McGraw-Hill, N.Y., (1970).
Lasdon, L., "A Multilevel Technique for Optimiza
tion," Systems Research Center report, SRC50C-64-19, Case Institute of Technology, Cleve
land, Ohio, (1964).
Perry, R. H., and Chilton, C. H., "Chemical
Engineers Handbook," 5th ed., McGraw-Hill,
N.Y., (1973).

Since a single processing operation should be
prepared to operate feasibly in an international
market, evaluations and optimizations using inter
national prices would be worthwhile for informa
tion purposes even if decisions are to be based on
a restricted pricing system. In this way there
would be some idea of what would be required for
optimal conditions in the international economy.
5.
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CONCLUSIONS

This study makes no conclusions or recommenda
tions concerning the management of a country's
economy, an international corporation, or an en
ergy policy. However, it does suggest that for
specific projects, engineering economic calcula
tions can be made to appropriately estimate de
sired objectives of the various parties involved
in an international project. It is suggested,
that for optimizing process variables, the
j
owner's criteria be used, with the necessary con
tracts on the optimization or calculations to
satisfy other parties such as governments or
lenders.
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ON ENERGY STRATEGIES AND PECUNIARY CALCULATION
Herman E. Daly, Professor of Economics
Louisiana State University

Remarks presented at the Third Annual UMR-MEC Conference on Energy
at the University of Missouri-Rolla, Rolla, Missouri on October 12,
1976.
More people are now beginning to take the

We should, instead, begin with a vision

position that our energy future is some

of a desirable future, and after satis

thing to be planned, not predicted.

Pre

fying ourselves that it is also feasible,

diction should be confined to the domain

work backwards to the present in order

of events that are beyond our ability to

to discover various possible connecting

control or even influence.

paths.

Otherwise

We should not proceed by incre

the prediction maker could achieve a per

mentalist projection of the recent past

fect record by controlling or "fixing"

into the future.

the outcome that he himself predicted.

us on a random walk, at worst along a

One does not predict one's own behavior,

technologically determined path toward a

one plans it, although the behavior of

goal that no one would have chosen.

other people acting independently may be

goal must be chosen first, the path to

predicted.

This raises a problem with

At best that will lead

The

it and the technologies consistent with

respect to collective behavior, where

it, second.

Currently we are doing the

some events are beyond the control of

opposite.

individuals (subject to prediction), yet

given - e.g. nuclear fission, the goal

The technology is taken as

are controllable by society as a whole

is derived from it (the plutonium-based,

(subject to planning).

high energy, all-electric, centralized,

Energy use is one such difficult area.

capital-intensive economy).

Society can decide its energy use, just

selected is the most rapid possible, even

as an individual does, and attempt to

to the extent of enormous subsidization

shape the future; or it can treat it as

in order to overcome the normal cautions

a problem of predicting other people's

of risk-averse businessmen.

aggregate behavior and seek to outguess

A major break with this determinist phi

the future.

Outguessing a predetermined

The path

losophy came with the Ford Foundation

future and then treating the prediction

Energy Policy Project's study, A Time to

as an objectively determined condition to

Choose■

which we must adapt, is the game of self-

of three alternative energy futures, all

fulfilling prophecy - the elevation of

of which assumed greater than present

trend to destiny.
proach .

levels of energy use.

This is the wrong ap
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This study offered us a vision

Nevertheless the

inclusion of a zero-growth scenario,

treated as if it were an economic deci

even at a higher than present level of

sion, and this has obscured the issue

use, was a real breakthrough toward seri

tremendously.

ous discussion of a steady-state economy.

lore of nicely calculated less or more"

Economics, "the sordid

Recently Amory Lovins (Foreign Affairs.

is appropriate at the level of tactics,

"Energy Strategy:

but not at the higher level of strategy.

The Path Not Taken,"

Oct., 1976, and RBF, "Unfinished Agenda,"

To be specific, the choice between, say,

soon to be released) has sharpened the

oil and natural gas, for some particular

issue by arguing that there are basically

use is an economic choice.

two energy futures to choose between and

choice between photovoltaic and biomass

they are, in the final analysis, mutually

conversion.

exclusive.

tives are both fossil fuels, and we are

We can have either a hard

Likewise the

In the one case the alterna

technology, centralized, high energy fu

comparing one form of geo-capital con

ture, operating on the geocapital of fos
sil fuels, and on fission power; or a

sumption with another.

In the second

case both alternatives are solar income

soft technology, decentralized, low ener

sources.

gy future operating mainly on solar ener

economics, but the choice between solar

gy income supplemented by geothermal.

income sources and geo-capital sources

The two are mutually exclusive not in the

(say biomass versus natural gas) is a

sense that parts of each could not co

question of evolutionary strategy.

exist during a long period of transition,

second is a different order of decision,

(the inertia of the energy system is so

a matter of long-run strategy rather than

great that no change can take place quick

short-run tactics.

ly) but in the sense that they point in

ing and polluting geo-capital is too dif

opposite directions and that committment

ferent a thing from the capturing of non

to the first will, after some point,

depleting, non-polluting solar income for

foreclose the second as a viable option.

comparison in money terms not to be mis

These are questions of tactical

The

Expenditure of deplet

This is so because the first path will

leading.

rapidly consume the fossil fuel bridge

or "cheaper" to live on income than on

necessary for the initial construction of

capital - for as long as the capital

the capital required to tap the permanent

lasts.

source of solar energy income.

uses fossil fuels are cheaper than solar

We will

Of course it is always easier

It is not surprising that for most

not build the first solar power systems

energy.

with solar energy, any more than we built

the arcane numerata of cost-benefit analy

the first nuclear reactors with nuclear

sis to conclude that living on capital is

energy.

In both cases we must depend on

We hardly need have recourse to

easier than living on income.

Living on

the fossil fuel dowry, which if spent on

permanent solar income, as all other forms

nuclear reactors and supertankers, and

of life do, differs from living mainly off

superautomobiles, will not be available

terrestrial capital as checkers differs

for investment in solar energy.

from chess.

This choice between a hard and soft ener

the distinction between tactics and stra

gy future is, I submit, not a technical

tegy would suggest.

decision, not even an economic decision,

the game are different, though the board

but the major social and moral decision

on which the two games are played looks

facing our generation.

the same.

It has been
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The difference is deeper than
The very rules of

One game recognizes permanence

and ecological discipline as rules restri-

following reasoning.

ting legitimate moves.

cost of production may be treated as

such rules.

The other has no

What is a good tactical move

On the supply side

actual historical cost, which in the case

in the checkers of geo-capital consump

of natural resources is zero, or as re

tion economics is not a good move in the

placement costs, which for many re

chess of permanent solar income economics.

sources would be very high, perhaps in

If a chess player plays against a check

finite.

ers player, who will win?

only the demands of people now living,

biggest.

Probably the

From an intellectual stand

On the demand side, if we count

then most resources are superabundant and

point the outcome of such a non-game

their in situ price should indeed be zero.

would be arbitrary.

But if we allow D to reflect demands of

We simply must de

cide which game we want to play before

all future generations then the price of

we can evaluate alternative tactics -

depletable resources would approach in

i.e. before moves based on pecuniary eco

finity.

The conclusion is that, depend

nomic calculation can serve our basic

ing on our essentially arbitrary assump

purposes rather than obscure them.

tions, the price of resources in the

The sophisticated tools of tactical deci

ground would range from zero to infinity!

sion-making become entirely sophistical

In practice short-run competition leads

if we try to use them to help us decide

us to adopt the convention of historical

which game to play.

cost rather

To illustrate:

than replacement cost, and to

solar energy would immediately become

consider the present generation only.

cheaper than fossil fuel energy for most

Therefore the price of resources in_ situ

uses if we decided to deplete fossil
fuels at one-half the current rate.

is zero.
And

The existence of competitive

rent does not really alter the picture

what is to prevent us from taking this

because it depends on differential ex

step if we wish to live more off income

traction costs, not on any cost of pro

and less off capital, and to Interfere

duction or reproduction of resources in

less with the natural services rendered

the ground.

by the biosphere?

rent and of pure scarcity rent as a kind

uneconomic.

Many would say this is

Any demonstration that such

We may think of differential

of pseudo-price of resources in the

a move is "uneconomic" would be based on

ground, but we must remember that these

resource prices valid under the old rate

pseudo-prices have nothing to do with cost

of depletion, not under the new rate, and

of production, and are determined only by

would merely be an exercise

differential extraction costs on the one

reasoning.

in circular

We could just as well demon

hand, and the time horizon of resource

strate, using the new prices, that pre

owners in relation to quantity of the
resource remaining on the other.

vious reliance on fossil fuels was uneco
nomic.

The point is that the decision of

Differential rent is a premium paid for

whether to play permanent solar income

greater accessibility and easier extrac

economics or temporary geo-capital con

tion - it does not represent a value im

sumption economics is price-determining.

puted to the resource in the ground.

not price-determined.

Scarcity rent is just differential rent

The arbitrary nature of the price of

when the cost of extraction at the mar

resources in situ can be seen from the

gin has become infinite either due to
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there is still a very wide range of pri

physical exhaustion or an imposed quota.

ces greater than zero that might reason

If we think of rent as a pseudo-price of
resources in the ground, then we must

ably be chosen in preference to zero.

ask what determines that pseudo-price.

The zero price for resources in situ is

Basically it is qualitative gradient

not a relative price calculated by the

among infra-marginal mines and the posi

market.

tion of the margin.

the basis of which the market calculates

mined by demand.

The margin is deter

Rather it is an assumption on

all other relative prices and the result

If demand reflects the

ing allocation of resources.

needs of the present, only then the margin

The price

will occur at a high quality mine and

of resources In the ground is deter

rent will be low - if the highest quality

mined by the logically prior decisions of

mine were sufficient to meet D, then rent

whether cost is to be defined as replace

would be zero.

ment cost or historical cost, and whether

If the D reflected sever

al future generation's needs, then the

we define demand to encompass one, five,

marginal mine would be of very low quali

ten or whatever number of future genera

ty, perhaps close to average rock, and

tions .

the rent would be enormous.

In sum, the price system should be regards

So even

viewing rent as price still one must con

ed as a useful instrument to help us

clude that the price of resources in the

achieve efficiently whichever of the two

ground varies between zero and infinity,

energy futures we choose.

depending on our arbitrary definition of

tween the two energy 'futures is deter

D, or our time horizon.

mined by our choice of replacement cost

Actually the

The choice be

choice of historical cost versus replace

or historical cost, and one generation or

ment cost is also determined by the time

five or ten generations.

horizon - replacement cost reflects an

us to achieve one or the other goal effi

orientation toward the future, toward

ciently, but prices cannot indicate

continuation into the indefinite future,

which goal we should choose.

Prices help

whereas, historical cost reflects the
Economists feel that inter-temporal allo

attitude of liquidation.

cation is effected by the market and
Suppose that we change the rules and cal

that a resource will be held from con

culate cost, as nearly as possible, on a

sumption whenever the expected future

replacement basis.

price Is rising at an annual rate which

Let renewable.re

sources be exploited on a sustainable

Is greater than the interest rate.

yield basis and let non-renewables be

is true, but once again reflects some

priced at least as high as their closest

arbitrary assumptions.

renewable substitute.

the interest rate reflects the proper

Suppose also that

This

It assumes that

we arbitrarily extend our population of

basis for discounting the future and at

demanders to five generations rather

usual interest rates of 5% or more, any

than arbitrarily limiting it to one gen

thing twenty years in the future becomes

eration.

negligible compared to present.

Resources in the ground would

Never

then have a positive value, probably a ,

theless, If expected price rose at a

very high value.

rate, greater than i, the resource would

Of course an infinite

price for any resource would be absurd,

be held and Pr would rise due to limited

even more absurd than a zero price.

supply - self-justifying expectations.

But
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But the market could also work In a desta

well-being, and certainly is no cure for

bilizing way.

public despondency.

Suppose that during a bo

In the early 1960's,

nanza period, resource prices fall, set

U. S. per capita consumption of electric

ting up expectations of future decline in

power was one-half that of the early

relative resource prices, so that every

1970's.

one expects prices to fall or at least

ble welfare?

rise less than by the rate of i.

all?

The

Did that doubling of energy dou
Did it increase welfare at

Did it perhaps even reduce welfare?

result will be less conservation, greater

If figures on the incidences of cancer,

short-run depletion, still lower short-

mental illness, crime, infant mortality,

run prices, etc., up until real resisten-

divorce, and drug addiction are taken as

ces limit the rate of depletion.

indicative of welfare, and they are cer

Expec

tations can be destabilizing and probably

tainly better indicators than GNP,

have been recently.

then the facts are consistent with the

The price system is not an oracle and can

hypothesis that the last electric power

not answer either the question:

doubling lowered welfare.

path should we take?

Which

Ecologist

George Woodwell (Natural History, Oct.,

or Which path will

1974, "Short-Circuiting the Cheap Power

we take?

Fantasy")

argues that,

I will not deal with the second question
". . . w e have reached a point
in the development of our cur
rent civilization where further
increase in flows of energy
through technology will cause
a significant reduction in the
capacity of the earth to support
mankind. The world cannot use
more energy safely."

since I have already argued that we should
try to shape our energy future rather
than outguess it.

But some consideration

of which path we should take is In order,
now that we have seen that the price sys
tem cannot automatically answer the ques
tion.

Evolutionary strategy is beyond

the scope of market prices.

In 197^ Denmark, Sweden and Switzerland

The case for taking the soft energy path

each had a higher per capita GNP than the

is to my mind very strong.

U. S., but only one-half the per capita

We have enor

mously exaggerated the degree to which

energy consumption.

energy growth promotes growth in welfare

poverty, crime, and general morbidity in

and have underestimated the degree to

these countries are also lower than in

which it causes problems.

the U. S.

Gulf States

Utilities, which seems fully committed to

The incidences of

It appears, therefore, that the ample

a hard technology nuclear energy program,

supply of energy, on which our nation's

proclaims in its 1975 Annual Report:

destiny and quality of life depends, is
about half our present per capita con

"The destiny of this nation -.
whether It will continue as a
world leader in quality of life
or regress in a state of stag
nation and public despondency depends on an ample supply of
electric power."
And "ample" means more.

sumption.

The widespread notion that any

reduction in energy use, or even in the
rate of growth of energy use, implies a
return to primitive existence, is grossly
untrue.

Yet a look at

As physicist John Holdren (New

York Times, July 21, 1975 , "Too Much

the facts shows that further energy

Energy, Too Soon") put it,

growth is hardly productive of extra
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"In a society that uses 5,000
pound automobiles for half-mile
round trips to the market to
fetch a six-pack of beer, consumes
the beer in buildings that are
overcooled in the summer and over
heated in the winter, and then
throws the aluminum cans away at
an energy loss equivalent to a
third of a gallon of gasoline per
six-pack, this "primitive exis
tence" argument strikes me as the
most offensive kind of nonsense."

reduced rate over a long period of time.
The choice between soft and hard energy
technologies is brought out most dramati
cally in the contrast between solar energy
and nuclear power.

Pecuniary economic

comparisons between solar and nuclear are
meaningless for reasons already mentioned,
as well as for the simpler reason that
the figures purporting to measure the cost

But even if extra energy does not seem to

of nuclear simply omit the most important

produce extra well-being, it does produce

costs, or arbitrarily assign low numbers

jobs, and, it is argued, we need energy

to them - while In like manner ignoring

growth to avoid massive unemployment.

most of the benefits of solar energy.

Employment arguments are, at best, sus

Economist Alan Kneese stated the Issue
well,

pect because they can be used to justify
almost anything.

But even on its own

"It is my belief that benefitcost analysis cannot answer the
most important policy questions
associated with the desirability
of developing a large-scale
fission-based economy. To expect
it to do so is to ask it to bear
a burden it cannot sustain. This
is because these questions are
of a deep ethical character.
Benefit cost analyses certainly
cannot solve such problems and
may well obscure them."

terms the argument is erroneous in this
case because the energy sector provides
less employment per dollar invested than
any other sector of the economy.

As

limited investment funds are pre-empted
by energy growth, other investments that
would have provided more employment per
dollar will have to be cut.

Furthermore,

the extra energy produced will in part
Do we want a small scale, decentralized

be used to power mechanical substitutes
for human labor, further cutting employ

energy system subject to local control

ment.

by the same people who use the energy;

But, cry the growthmen, consider

the multiplier effects of energy invest

with essentially no depletion or pollu

ment expenditures.

tion, nor any disruption of natural eco

By all means, consid

er them, and realize that they are just

logical services; which arrives already

the same as the multiplier effects of any

distributed; which has minimal military

other expenditure of money.

weapons potential and is useless to sabo

It is special

pleading to think they apply only to ener

teurs and psychopaths; which is equally
available to all future generations inde

gy investments.

pendently of our usage; which will bene
To the extent that we can live comforta

fit most the poor tropical countries; and

bly on less energy, we widen our techno

which is totally benign to every living
thing?

logical options, and a soft technology
energy future becomes more feasible.

But

even if one rejects all the nonsense writ- '

Or do we want a plutonium economy, cen

ten about the need for energy growth, and

trally administered by a technical priest

even if we recognize that half our pre

hood of remote experts upon whom the rest

sent consumption would be ample, there is

of society becomes completely dependent;

still the problem of how to supply that

which will require a superhuman level of
efficiency in management and safeguards
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which can only be approximated by accep

solar energy, In its various forms, gradu

ting a degree of social discipline and

ally substituting it for coal which we

control that is incompatible with a free

can use to finance the transition.

society; which is sure to promote the

er or not it is technically feasible to

international and subnational prolifera

supply half our current per capita con

tion of nuclear weapons, and increase our

sumption by solar is subject to debate

Wheth

vulnerability to terrorists as well as

and uncertainty.

to the instabilities of large complex

breeder reactors is subject to at least

systems; which increases the dependence

as much uncertainty.

of poor countries on rich countries;

should substitute solar as much as possi
ble.

which is based on the commercialization
of multi-ton quantities of a man-made

But the technology of
In any event we

Objections to such a policy there may be,

substance that is highly toxic to all

but they must be based on something other

living things, and once created cannot

than pecuniary calculation, using the

be gotten rid of except over millenia;

prices of a bonanza era.

which wastefully generates and distri

Ultimately the

choice depends on our view of the nature

butes energy at too high a quality which

of man.

must be uselessly degraded in order to

Is man basically a fallible

creature, whose hope lies in his Creator,

fit the majority of end uses; which is

or is man basically the Creator whose

based on highly uncertain assumptions

hope lies in his creations.

about uranium supplies and future techno
logical breakthroughs, and imposes per

For some reason people today seem ashamed

manent absolute obligations on all future
generations ?

to make simple value judgments of good
and bad, just and unjust, and argue on
that basis.

It seems to me that the values which we

and in fact are very proud, to exhibit

profess, on ceremonial occasions at

publicly their silly and arbitrary pecu

least, are much better served by the soft
energy path.

But they are not ashamed,

niary calculations of national expediency.

Yet present policy Is to

We should at least strive to come as close

devote vast sums to the realization of a

as possible to this goal.

plutonium economy based on breeder reac

In the words of

J. M. Keynes,

tors, and comparatively little to solar
energy.

"The part played by the orthodox
economists, whose common sense
has been insufficient to check
their faulty logic, has been
disastrous to the latest act."

We are taking the hard energy

path by default of enough imagination
and gumption to choose the soft path, and
by default of enough clarity of thought
to subordinate price calculation to its

John Ruskin summed the matter up over a

position of tactical servant rather than
strategic master.

century ago when he observed, with no
more than permissable exaggeration, that,
" . . . the varieties of circum
stance that influence these reci
procal interests are so endless,
that all endeavor to deduce rules
of action from balance of expedi
ency is in vain. And it is meant
to be in vain. For no human
actions were ever intended by the
Maker of men to be guided by
balances of expediency, but by

The best thing to do, I submit, is to
abandon fission power, gradually cut our
per capita energy consumption by onehalf (to European levels), stabilize or
reduce our population, and put maximum
research and development effort into
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or predetermined by tacit value assump

balances of justice. He has
therefore rendered all endeavors
to determine expediency futile
for evermore.
No man ever knew,
or can know, what will be the
ultimate result to himself, or
to others, of any given line of
conduct. But every man may know,
and most of us do know, what is
a just and an unjust act. And
all of us may know also, that the
consequences of justice will be
ultimately the best possible,
both to others and ourselves,
though we can neither say what
is best, or how it is likely to
come to pass." (Unto This Last,
p. 14, University of Nebraska,
Lloyd J. Hubenka, ed. 1967)

tions; while justice is not nearly so
non-operational as we pretend.

basic choice of energy strategy should
be decided by balances of justice and
desirability.

The capacity of the bio

sphere to support life and wealth must
be shared justly among present humans,
future humans, and sub-human life.

Pecu

niary balances of expediency may then
help us to carry out efficiently which
ever strategy we choose, but cannot help
us choose the basic strategy itself.

There is certainly exaggeration in Hus
kin' s statement, but also truth.

In Rus

kin 's terms I have been arguing that the

Expedi

ency is not the operational concept we
pretend it is - it is often unknowable
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HUMAN RESOURCES FOR ENERGY SYSTEMS:
ALTERNATIVE STRATEGIES OF ALLOCATION
Curtis H. Adams and Bums Hegler
University of Missouri-Rolla
Rolla, Missouri

Abstract
The choice of strategies in establishing manpower policy for energy is critical
for the attairment of energy goals. Three alternative strategies are considered
with the tradeoffs of each evaluated.
1.

INTRODUCTION

A necessary condition for continued success in

manpower needs.

attaining long run national energy goals is a

Given the uncertainties that exist concerning long

minimum supply of certain professional and tech

run supplies of fossil fuels for existing energy

nical manpower.

The attainment of these goals,

systems and the real or imagined threats to people

which include a doubling of energy output by the

and the environment of the use of nuclear power,

turn of the century, are critical if the U.S. is

the possibility of drastic shifts in energy

to continue to prosper materially and culturally
*
as in the past.

producing systems is a distinct possibility.

Re

Manpower policy is critical to successful attain
Unfortunately, continued expansion of energy at

ment of our energy goals.

the same rate and in the same manner as in the

will deal with alternate strategies for manpower

past is no longer possible.

allocation in the energy field given current and

Depleation of natural

resources, environmental consideration, and the

The following section

future constraints.

shifting international situation, to name a few,
has imposed critical constraints which were

2.

STRATEGY.I

peripheral to energy policy consideration a few
short years ago.

Because of these new constraints,

future professional and technical manpower require

Traditionally, manpower allocation in the U.S. has
been tied almost exclusively to the market system.
As new occupations opened up, or as shifts in

ments are also much harder to project, but are of
utmost importance because of the higher probability

specific manpower needs arose higher wage rates
would prevail in these areas attracting labor from

of long run shifts in energy systems and changing

See, for example, Buggey, JoArme and Tyler, June, The Energy Crisis: What Are Our Choices?
Prentice Hall Inc., Engle Wood Cliffs, N.J., 1975.
* * For a critical review see Ridgeway,James and Conner,Bettina, New Energy: Understanding the Crisis and
A Guide to an Alternative Energy System. Beacon Press, Boston, 1975.
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existing or declining occupations or new additions

very adequately in the past but has one glaring

to the labor supply.

weakness with respect to future manpower needs.

Even with the institutional

ization and formalization of the process of human

The lag time associated with supply response to a
capital investment, changes in market demand result change in demand constitutes a serious threat to
ed in relatively rapid shifts in manpower allocat
attainment of energy goals. Supply response to
ion.
an increased demand for professional manpower can
The last quarter century has seen large increases

lag as much as ten years.

in institutional and education requirement for

manpower shortage would then constitute a bottle

most types of occupations.

neck to attainment of energy goals especially in

This is especially

Professional level

the area of new energy systems.

true for professional and technically trained man

One solution to

power . Therefore, it is to be expected that shifts

this problem is to adopt a different strategy of

in demand for highly trained manpower resulted

manpower allocation, where projected manpower

in relatively long lag periods before the supply

needs determine current decisions on manpower

of such manpower could catch up with the demand.

education and training.

High relative wage rates in these areas generally

In a practical, as well as a structural, sense

prevailed until market equilibrium could be

this deviation from current practice would require

established.

a financial as well as philisophical commitment

The more human capital investment required, the

from government and industry. As a matter of

longer the lag time will be, given a shift in

general policy, under the present systan of man

demand for a specific category of manpower.

power allocation, an individual is responsible for

What

this means in essence is that professional and

his own miscalculation and cost with respect to

skilled manpower has a relatively long lag assoc

employment opportunities in a given field, i.e.,

iated with supply shift in responce to shifts in

an individual must stand the retraining cost

demand.

necessary to become employable given job opport-

Changes in the energy system occuring

in the past, which produced lags in supply of new

unities in his original field.

manpower did not assume crisis proportion.

being that the individual had a choice initially

Such

The rational

changes in the energy system were due to changes

and was not cohearsed or directed in to that

in relative cost dictated by changes in technology

occupation. With a strategy of pre-planning for

and not because existing systems were no longer

manpower needs, in many cases manpower will be

applicable due to natural resource shortage or

educated before an actual shift in demand occurs,

because of environmental dictate.

so therefore short run over supply of certain

The market

mechanism therefore served very adequately as an

manpower could exist.

allocator of manpower.

free, equity (and a successful program) dictates

Because the choice was not

that government and the industries involved stand
This is basically the manpower allocation system

the,cost rather than the individual.

that prevails presently in the U.S.
Implied, also, is the necessity for government,
3.

STRATEGY II

and to some extent industry, to financially

The market systan of manpower allocation has served

underwrite the fixed base institutional education

See Scoville, James G., The Job Content of the U.S. Economy, 1940-1970, New York; McGraw-Hill, Inc.,
1969.
--------Current excess supply of Fhd's in many areas resulting in underutilization, depressed salaries and
unemployment gives witness to our current policy on bearing of cost by the individual.
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cost for increased capacity in specific manpower
areas.

manpower constitutes a major constrain^ to energy
goals, over supply of the wrong type of specialized

manpower is even more costly considering the fixed
Most Universities, for example, are not in the
position to create new, or expand existing, programs cost involved.
based on the proj ected increase in manpower
demand for these areas.

Given the relatively higher probability of error

Future expansion will be

in accurately forecasting future energy systems,

even more costly given the relative shortage of

the strategy for manpower allocation must also

manpower in the area and the higher cost for

include a flexability to cope with such errors.

instructional purposes.

Such a strategy implies a more broadly based man

Indeed, an expansion of

formal arrangements between educational institutions power program with specific intense training
and government and industry may be necessary
programs available to reallocate manpower to
whereby professional and skilled manpower is shared specific needs. A strategy which emphasizes a more
in order to provide needed instructional manpower.
general manpower policy is necessarily more costly
Moreover, such agreements will probably be manden-

then specific manpower programs, but less costly

tory if bottlenecks are to avoided.

in the long run, given alternative strategies,

In any case, it should be apparent that the
traditional strategy of manpower allocation rep

when energy goal achievement is the principle
consideration.

resents a potential constraint to energy goals and

Given the plight of most educational institutions,

that an alternative strategy which designs future
manpower needs is essential for attainment of
energy goals.

there exist compelling reasons for a greater

4.

government and industry underwriting of manpower
programs. Much of the individual's cost of
education and training will also have to be

STRATEGY III

underwritten because of the relatively long

A plan which dictates current decisions regarding

training period involved. A manpower strategy of

manpower education and training programs for

this type will provide the necessary human

future energy needs will optimize energy goals

resources for attainment of energy goals in the

only if the projected manpower needs are themselves

time space envisioned.

accurate. Projected manpower needs, themselves,
are based on projected future energy systems.*

not as costly as not having adequate manpower

It will be costly, but

resources to cope with our energy problems.

A mistake in the projections of the composition of
5. CONCLUSION

future energy systems will, therefore, constitute

The choice of manpower strategies is of vital

manpower projections which are inaccurate.

Importance in achieving national energy goals. A

The structuring of manpower programs for future

shortage of critical specialized manpower can set

energy needs, therefore, must account for errors
in forecasting energy systems.

back energy programs by years.

The greater the

The three

strategies reviewed in this paper, while not

likelyhood for errors, the less clear cut man

inclusive, gives the range of general manpower

power programs can be for specific educational

strategies available for policy consideration.
areas. While an inadequate supply of specific
*
There have been numerous manpower for energy projections made, but without exception, they were based
on very conventional energy system projections. Their validity is, therefore, somewhat in question.
See, for example, U.S. Department of Labor, Project Independence, Final Task Force Report, U. S.
Government Printing Office, 1974, and U.S. Department of Labor, Tomorrow's Manpower Needs.
Bulletin 1606, Four Volumes, U.S. Government Printing Office, 1969.
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Market strategy of manpower allocation implies too

7. U.S. Department of Labor, Tomorrow's Manpower

much of a time lag in manpower supply response to

Needs, Bulletin 1606, Four Volumes, Washington D.C

serve as a reliable strategy because of the

U.S. Government Printing Office, 1969.

critical time element included in our energy goals.
Forecasting manpower requirements in order to
pre-plan manpower training is therefore necessary
to eliminate the time lag In the supply of
specialized manpower. How specific the guidelines
can be depends on the reliability of energy systems
forecasting.
Either Strategy II or III will require increased
government involvement in order to underwrite the
cost of specific manpower training, prior to an
actual viable demand for such manpower.

There are,

of course, many grave philosophical considerations
that must be deliberated before such a strategy
should be adopted, which this paper has not touched
on.

Nevertheless, continuation of present man

power policy based on market allocation will
probably represent the weakest link in the attain
ment of national energy goals.
6.
1.
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HUMAN RESOURCES

IN
ELECTRICAL ENERGY' CONSERVATION

Tom Day
Central Electric Company
Fulton, Missouri

Abstract
With America's increasing inability to produce, secure and
conserve its own energy resources, many social and technical
changes will have to take place in order to shift the tide of
events from an increasing dependence upon foreign imports of
energy stocks. The first change which must take place is
within us: To be aware of the need and impetus to conserve
energy of all forms so that we may buy time in which to
properly assess where we are going, how we are going to
achieve energy independence and once we get there, how it will
be managed. Electrical energy conservation is but one means
to help in this uncertain and timely journey.

INTRODUCTION

its energy base.

An estimated 7 times

our current generating capacity would be

In the final analysis, people will make
the difference whether or not we become

required to have an "electric economy",

self-sufficient in providing for our

whereby transportation, industrial, com

future energy requirements.

Time scales

mercial and residential sectors would be

are rather meaningless now as it is time

operated completely or at least 90% from

to "pay the piper" for the way we have

electrical energy generation with today's

been using our energy resources for the
past 90 years.

technologies.
We have spent a lot of time and money dis
cussing the merits and disadvantages of

What is critical now is our approach to
the all encompassing, little understood

one energy form over another as the system

"electric economy" during this trans

or systems to "go with" in the future. In
dealing with electrical energy generation

itional storm of energy base changes.

we have all become knowledgeable in the
In a continuing effort to keep you

area of prime movers and associated alter

informed of electrical energy usage on a

nate heat sources used in the generation

national scale, I have obtained data from

of electrical power and have painfully

the Edison Electric Institute, which has

concluded that tomorrow's energy require

been monitoring the production of elec

ments will have to be met with a combi

tricity.

nation of yet to be fully developed energy
means.

(Figure 1)

Electricity in America represents 27% of
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Some have prematurely concluded that our

the thermal FSR system represents an

energy dilemma is over while others
contend that the real crisis has just

historically acceptable institution with
few prospects of alternation within a

begun— and yet, there are still those

short period of time.

who profess that we have no energy
problems at all.

which suggest that the FSR system need

orts have indeed produced new concepts
not be the only way to look at the
process.

There are two broad energy fronts where
people and energy conservation come to
gether to do battle:

Conservation eff

Point of electrical
ELECTRICAL ENERGY CONSERVATION
AT THE
POINT OF APPLICATION

energy generation and the point of elec
trical energy application.

(Figure 2)

In Total Energy Management (TEM) quanti

ELECTRICAL ENERGY CONSERVATION
AT THE
POINT OF GENERATION

tative evaluation of your particular
energy profile begin quietly and patient
ly at the source of your own distribution

Regardless of the heat source used, the
heat loses are terrific at the point of

system

generation, because the system must work

You have all heard of cookbook chemistry,

against mechanical stress vectors which

not let me introduce you to suitcase
physics.

are an inherent characteristic of such
systems.

the familiar kilowatt-hour meter.

The heat rate of conversion for

thermal power plants has now been set at

I will begin immediately with the first

a constant of 10,250BTU/kWh.

case history by asking the question:

(1)

you know how much electrical energy you

The power pattern of current electricity

are using at any one given time?

from the point of generation through

(2)

to a customer that in his energy case,

I refer to this mechan

with the aid of a stop watch and a little

ical system as the thermal and nonthermal
FSR,

homework, his peak demand could be cut

(Field Stress Rotoration) which takes

by 15% and his kwh/hr usage rate would

in the whole series of salient and copolar

drop 5% with minor alterations within his

wound generators in comparative studies
with newer systems.

plant operations.

The FSR system is

can be derived concerning your electrical

make the standard generators, the fact

energy costs, power usage, load factor and

10,250BTU/kWh is an optimum

projected energy needs.

level (equivalent for nonthermal) of

represent a starting point which I

Although the greatest

recommend as your initial fact-finding

potential of energy conservation exists

mission in learning more about how your

at this point, capital requirements and

particular power needs are met at the

governmental concurrence of physical

point of electrical energy application.

changes are extensive in terms of time
With this in mind,

These brief pro

cedures, although not 100% accurate, do

energy conversion performance at the point

and cost passthroughs.

Expanding

from your meter, many interesting studies

regardless of how big or shiney we can

of generation.

(Figure 3)

upon correlations of data determined

inflexible in design and for this reason,

remains:

After

establishing a set of procedures from
trial and error methods, it was proven

distribution to application, as pre
viously given to you last year, is
inadequate.

Do
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Once you have determined the power nature

of your incoming feeders, then you can

of electrical energy production without

start thinking in terms of power factors,

heat recovery sub-systems.

overload conditions, underload condi

trend toward an electric economy which I

tions, inadequate wiring, inefficient

believe is inevitable, but the prospects

equipment, wasted lighting and formal

of maintaining it for any length of time

power surveys.

with the present day heat waste factors,

In case history #2, a

There is a

low voltage condition was attributed to

excessive lead times for power plant

a low power factor.

construction and an increasing dependence

Another set of pro

cedures, which are still being developed,

upon foreign energy supplies are right

indicated to this customer the amount of

fully diminishing.

correction required.

bust is the best thing that could have

This pending energy

happened to us— now we can get down to the
Whatever alterations you make within

real nuts and bolts of problem-solving

your particular plant or office operation,
you can be the judge of the results where

a few of our coming energy supply adver
sities .

such alterations mean the most to you—
at the kilowatt-hour meter and your
wallet.

In this Bicentennial era, in the midst
of the pomp, pageantry and profiteering—
we are faced with another battle for

Electrical energy conservation right
fully begins in the home.

independence.

The homeowner

and military strength, but a battle of

can train himself and members of his

wits, brains and a lot of hard work and

family these same procedures of conserving
electrical energy on his single phase
service.

It is not a war of guns

financial support to find and build
improved systems of electrical energy

With safety being paramount,

means which require less heat to function.

your in-home studies can be done without

This represents an actual starting point

exposing a single wire or live bus bar

of the many energy conservation efforts

at the fuse box.

and innovative changes which will:

Informational systems must now be develop

1. Slowly reduce our dependence
upon foreign imports of oil,

ed in preparation of satisfying the con
cerned public's need to know and desire

natural gas and nuclear

to take action.

concentrates;

Low cost digital meters

2. Extend our declining domestic

for monitoring kwh/hr usage rates will

energy resources;

aid in the logistics problem you will

3. Prevent us from being "locked

encounter with this technique.

in" on one energy form;
4. Immediately reduce thermal and

CONCLUSION

particulate entries into our

For the generation of massive amounts of

biosphere.

electricity as an energy form, which we
link to our material prosperity, we are

Only we can make the difference now, as a

being asked to commit the balance of our

technical community of individuals by

heat generating resources to be at least
60% wasted if no changes are made to

teaching our legislators what the battle
lines are all about; preaching energy

depart from the inflexible FSR systems

conservation for the sake of economic
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preservation and building time to refit
and revamp, but most important— to encour
age and guide our youth in the partici
pation of this battle.

We do not have

all the answers yet, but there is one
we know for sure:

There is no substitute

for our Energy Independence in this quest
for continuance of an evolving open and
democratic society.
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ENERGY STATUS IN PUERTO RICO:
AN ASSESSMENT OF THE PETROLEUM SITUATION
Juan J. Rigau
O ffice o f Petroleum Fuels Affairs
. Santurce, Puerto Rico

Abstract
This paper covers selected aspects o f the en ergy status in Puerto Rico, with par
ticular consideration to the relation betw een energy and econom ic developm ent.
A h istorica l p erspective o f the developm ent o f the petroleum -petrochem ical s e c 
tor is given with consideration to p o lic y aspects and current efforts to reinstate
past comparative advantages with the G ulf C oast.
1.

uses o f solar energy.

INTRODUCTION

R ecently, with the participation o f the OPFA, the
U n iversity o f Puerto Rico has concluded an a gree
ment with the Energy Research and Development
Administration by which the Puerto Rico Nuclear
Center fa c ilitie s and programs w ill be restructured
to form the core o f the Center for Energy and
Environment Research (CEER). The main o b je c 
tives o f the Center are to:

Until recen tly , Puerto R ico 's Executive Branch had
no institutional'tradition-in the energy fie ld , e x 
cept for the experience o f the Water Resources
Authority, a public corporation engaged in e le c tr ic 
ity gen eration . In directly, the Economic D evelop 
ment Administration and the Environmental Quality
Board had contributed a lso by considering energy
im plications o f their re sp ective areas o f
resp o n sib ility .

(1) Help Puerto Rico d evelop alternate sources
o f energy by tapping its substancial solar
resou rces.

In matters re la tiv e to price controls and licensing
for the distribution o f liquid petroleum gas (LPG),
the Department o f Consumers Affairs (DOCA) and
the Public Service. Commission (PSC) played the
major roles re s p e c tiv e ly , until federal ju risdiction
pre-empted lo ca l price control authority. There
were controls for ga s o lin e , d ie s e l and kerosene as
prime n ecess ity a rticles by the DOCA; w hereas,
LPG operations were regulated by the PSC as public
service com pan ies.

(2) Aid in the national effort to a ch ieve energy
independence.
(3) Serve as a fo c a l point for energy and en vi
ronmental research in Puerto Rico and for
other tropical area s.
(4) Continue to provide for the training o f stu
dents and personnel from Latin America and
the Caribbean.

H ow ever, as an outcome o f energy related events
during the la st three years, the first two govern
mental a gen cies in the energy field came into
being: the O ffice o f Petroleum Fuels Affairs (OPFA)
attached to the O ffice o f the Governor, and the
Corporation for the Developm ent o f Mineral
Resources, attached to the Department o f Natural
Resources. This Department, as w e ll as the Water
Resources Authority, in the last two years have
been undertaking demonstration projects re la tive to

These events c le a rly r e fle c t that Puerto Rico is in
the process o f in stitu tion a lizin g its own ca p a b il
it y to deal with the perpetual monitoring o f the
energy planning process as induced by the O ffic e
o f Petroleum Fuels A ffa irs.
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2 . OPFA' S PROGRAMATIC OBJECTIVES
AND FOCAL POINTS
The O ffic e o f Petroleum Fuels Affairs was created
in July 197 3 by virtue o f Law N o . 4 attached to the
O ffic e o f the Governor to formulate p o lic ie s related
to petroleum -energy products. Among the o b je c 
tives sought are the fo llow in g:
(1) Assurance o f the a v a ila b ility o f required
energy supplies from secured sources.
(2) Obtain for our s o c ie ty the lo w est p o ssib le
co st o f energy, minimizing the impacts o f
energy on econom ic w elfare and progress.
(3) M in im ize the unfavorable e ffe c ts which
are induced by marketing problems and
international energy p o lic ie s .
(4) Establish a w e ll correlated relationship b e
tween environmental matters, generation,
and u tilization o f energy.
(5) M inim ize in equ ities which may a rise as
consequence o f econom ic or region al fa c 
tors in terms o f costs and a v a ila b ility o f
energy so u rces.
(6) Promote e ffic ie n c y and optimum use of
energy in a ll energy operations and u ses.
(7) Carry on s c ie n tific research in reference to
alternate energy sources, orienting such
efforts for the achievem ent o f a regional
energy su ffic ien c y.
The fo c a l points o f our work are: (1) development
o f an information system covering energy matters
o f concern to Puerto Rico, (2) the implementation
o f a region a l energy m odel, and (3) the institution
a liza tio n o f expertise in energy-environm ental
m atters. A b rief description o f the above work
fo llo w s .

Currently, the O ffic e o f Petroleum Fuels Affairs is
in the second stage o f a m ulti-phase information
system oriented towards the production o f a total
energy accounting system for the Commonwealth o f
Puerto Rico. The design theory continues focused
towards the qu antification o f the flo w o f fu els in
Puerto Rico and the outputs are designed to pro
vide monthly, quarterly or yea rly information re 
garding purchases, production and distribution
including an econom ic matrix o f petroleum and p e
troleum products by sector o f consumption. The
expansion into the petrochem ical sector with its
sub-system w ill a llo w the aforementioned a c t iv i
tie s to include a ll downstream products. To date ,
w e continue the design and programming d e v e lo ment for the m echanization o f the processing and
auditing procedure.
2 .2

THE PUERTO RICO ENERGY MODEL

The developm ent of the Puerto Rico Energy M odel
purports to describe and explain the interrelations
o f the various components of the total energy s y s 
tem from a m u ltidisciplinary p ersp ective. M ethod
o lo g ic a lly , it w ill fo llo w along the gu idelines of
the WISE M odel for W iscon sin . Of course, s ig 
n ificant m odifications are ongoing for e ffe c tiv e
lo c a l a p p lica b ility .
To m axim ize the models usage in the energy d e c i
sion and planning p rocesses, working relation 
ships have been establish ed with various execu 
tiv e and regulatory a gen cies o f Puerto Rico. This
interaction with other institutions w ill help in pre
venting these research efforts from being only an
academ ic ex e rc is e and has introduced liv e p o licy
issu es into our in itia l m odeling.
F in ally, our third area o f action: energy and
environment re c e iv e s formal support by the re la 
tions we have establish ed with the lo ca l Environ
mental Quality Board and the School o f MediciYie
o f the U n iversity of Puerto Rico.
2.3 ENERGY AND ENVIRONMENTAL PROGRAM

2.1

THE INFORMATION SYSTEM

As o f September 197 6, the O ffic e o f Petroleum
Fuels Affairs has develop ed and implemented the
firs t stage o f an Energy Information System. The
design theory is oriented towards the quantification
o f the flo w o f fuels in to, within and out o f Puerto
Rico and the series o f outputs designed is provid
ing monthly and y e a rly information regarding the
purchase, production and distribution flo w s to,
w ithin and from the Commonwealth o f petroleum
and fu el d e riv a tiv e s . The Energy Information Sys
tem continues to provide essen tia l information to
the Executive and L e g is la tiv e branches, as w e ll as
the general public and private secto rs.

For the la st two years, we have adapted an air
pollution model that simulates the dispersion of
inert, primary pollutants. In Puerto Rico, it has
been used to simulate sulfur dioxide (SO 2 ) con 
centration in the neighborhood o f major sources,
such as refin eries and power plants. The model
being used by this O ffic e is a m ultiple-point
source m odel, giv in g short term and long term
concentrations o f S02 .
H ow ever, our model go es somewhat further in its
output. Its d istin ctive feature is that it auto
m atically reduces sulfur content of fu el used by
em itters, taking into account the re la tive rate of

favor o f purchases o f crudes from M iddle East
sou rces.

em issions and source density In the area. In this
way, not every source has to reduce id en tica lly the
sulfur content of its residual fu el, at the same
time that federal standards are met in a fa r-le s s
c o s tly w ay. The impact o f the results of this mod
elin g effort can be e a s ily translated into m illions
of dollars saved to the industry sector and to con 
sumers if higher sulfur lim its are found com patible
with the lo ca l and fed eral air qu ality regu lation s.

The production o f the refin eries in Puerto Rico,
which in 1975 operated at 59.0% o f ca p a city, not
only covers the internal needs for fuels o f the
island but a ls o , about 39.0% o f total energy sup
p lies for that year. When analyzing the structure
o f their exports, w e observe a great proportion
o f exports is constituted by ligh t products, motor
g a so lin e, aromatics and middle d is tilla te s . This
constituted 90 .6 per cent o f total exports which
is equivalent to 35.3% o f total a v a ila b ility .
Exports o f refined products diminished in 9.9% as
compared with 1974. Puerto R ico's exports are
prim arily shipped to mainland markets.

Current efforts are oriented toward the d ev elo p 
ment of a stochastic model o f air pollution and the
study o f the relation m eteorology-air pollution for
two h ea vily indu strialized sectors.
Our relation with the School o f M ed icin e has en
able us to d evelop basic information in the area
of microbial bio-ch em istry by which a desu lfu riza
tion approach is proposed as a potential attractive
method for controllin g sulfur pollution.

In contrast with the re st o f the Caribbean re fin 
e rie s , which export re la tiv e ly high volumes o f
residual fu els, this product constituted only
9.4% o f total exports to Puerto Rico. This can
be explained by the high consumption le v e l o f
residual fuel in the isla n d .

An organism, Pseudomonas s p . PRG-1, has been
isolated and found to attack thiophene deriva tives
in our la b o r a t o r ie s ^ * . More microorganisms
have been iso la ted from o il contaminated s o il and
currently their growth conditions and m icrobial
metabolism are been studied. Our approach may
develop into a useful technique for the application
o f microorganisms in the desulfurization o f heavy
petroleum fraction s, as w ell as, industrial e fflu 
ents, o il sp ills and refinery products.

The operation a c tiv itie s for the petroleum industry
in Puerto Rico for 1975, registered a reduction in
relation to 1974. Including naphtha, imports o f
petroleum in 1975, w ere reduced by 13.6% with
respect to the year before; consumption o f d e
rived product (excluding naphtha) was reduced
in 9.7% and exports o f fuels w ere reduced by
9.0% .

3 . THE STATISTICS OF THE PETROLEUM
SITUATION
Puerto Rico is tota lly dependent on external sources
in order to sa tisfy its needs for the refinery and
petrochem ical sector. These needs co n s ists, pri
m a rily ,o f crude as input for refin eries, naphtha for
use as petrochem ical feedstock and in le s s degree,
for use in refinery hydrogenation processes . The
imports of crude and naphtha, jo in tly, constituted
in 1975, 96.1% o f total imports o f hydrocarbons.
This is equivalent to 106.4 m illion barrels; o f which
59.9 and 38.3 m illions were u tilized for purposes
o f energy consumption and exports, equivalent to
56.3% and 36.0%, re s p e c tiv e ly , of total imports.
U ntil recen tly, Venezuela had been the principal
supplier of crude and naphtha for the Puerto Rican
market, how ever, V en ezu ela's participation in
total imports for the island has been reduced in

Calendar year 1975 showed a reduction in the
consumption o f a ll products except those uti
liz e d by the transportation sector (motor
g a s o lin e s ) and b y the construction sector
(pitch and asp h a lts).
During calendar year 1975 w h olesa le distributors
in Puerto Rico sold a total o f 14.0 mmb. o f Motor
G asoline (Table I ) . This figure represents an
additional in crease o f 0.4 mmb o ver la s t year,
13.6 m m b., which in turn represents a 2.9%
in crea se, (b )* *
Residual fuels consumption, 64.1% o f the total
for e le c tr ic ity generation and 35.9% b y the re 
maining sectors, registered a 12.1% reduction
with respect to 1974.
Table I and the fo llow in g diagram re fle c t the

(a)

*

F. Sagardia, J.J. Rigau, A .M . Lahoz, F. Fuentes, C .-L 6 p e z , W . F lo res, Applied M icro b io lo g y , 29
(6) 722 (1975)
-------- ----------------------=

(b)

* * During the first sem ester o f 1976, W h o lesa le Distributors sold in Puerto Rico a total o f 7405 .3 th d .
b b ls. o f M otor G a solin e. This amount represents an increase o f 7.7% compared to the 6875.9 thd.'
bbls . sold lo c a lly during 19751s first sem ester. M onthly sales increases fluctuated from 0.9% on
M ay up to 17.9% on M a rch .
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TABLE I . - PUERTO RICO: SUPPLY AND DEMAND RELATION OF
PETROLEUM PRODUCTS ^
CALENDAR YEAR 1975 UNIT/MILLIONS OF BARRELS

Total

Product/Activity

Imports
Crude
Naphtha
Refinery Gas
Residual Fuel O ils
M otor G asoline
Aviation Fuel
Others
Subtotal

70.3
23.5
0.2
0.5
1.3
2.0
0.2
98.0

Inventories
0.2

Total

98.2
Internal Consumption
Refinery Gas
M idd le D istilla te s
Residual Fuel O ils
M otor G asoline
Aviation Fuel
Naphtha
Others
Subtotal

4.5
5.8
26.2
14.0
1.9
5 .6
1.9

EFTS'

Exports
M id d le D istilla te s
Residual Fuel O ils
M otor G asoline
Others
Subtotal
Total

10.8
3.6
16.6
7 .3
38.3

Percentage Exported

39.0%

98.2
_ '

a / Naphtha used as petrochem ical feedstocks is not inclu ded.
Source:
O ffic e o f Petroleum Fuels Affairs
Economics and Planning D ivision
S tatistical A nalysis Section
August 5 , 197 6
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balance in the supply and demand relation o f the
petroleum situation and the sectorial energy flow
in Puerto Rico for 1975, re s p e c tiv e ly . The im pli
cations o f these facts in relation to future energy
supplies in Puerto Rico re vea l the fo llo w in g .
3.1

IMPLICATIONS TO THE COMMONWEALTH

A consideration o f the lo st and used portions o f
energy by sector shows that approxim ately 53.7%
o f the energy contained in petroleum products used
in the Commonwealth was lo s t in the various con
version p ro c e s s e s . Conversion o f petroleum to
e le c tr ic ity resu lts in loss o f o ver 65.0%. It would
seem that these lo s s e s could be trimmed through
tech n ologica l advances; how ever, presen tly the
p rocesses being used seem to be the o n ly ones
a va ila b le for e le c tr ic ity generation from fo s s il
fu e ls . The e le c tr ic ity in o il equ ivalen t, 6.5 mmb,
was distributed as fo llo w s; industrial sector,
41.7 per cent; comm ercial sector, 22.3 per cent;
resid en tia l sector 31.1 per cent; others 4.9 per
cen t.

$ 2,089.6 and $2,115.4 m illions re s p e c tiv e ly ,
w hereas, total energy Inputs were 23.51 ( ° ) * * * and
23.8 mmb re s p e c tiv e ly . This im plies that the
en ergy-valu e added ratio for these years was o f the
order o f 0.01125 b/$, therefore, this is equivalent
|to a ratio o f 65.25 (1000 B TU 's/$). This compares
with 59.22 (1000 BTU's/$) for the top fifteen U .S .
Energy In ten sive Industries in 1967. Therefore,
Puerto Rico used in 1975 about 10% more energy
than U .S . used in 19 67 to generate $1.00 o f out
put in the manufacturing s e c t o r . ^ ) * * * * . This
means, among other things, that in order for our
manufactured products to ben efit more e ffe c t iv e ly
the lo ca l econom y, improvements must be achieved
either through optim ization measures or technolog
ica l Innovations. Presen tly, there is not enough
information a va ila b le to make a fu ll assessm ent o f
the tech nological state o f the art in Puerto Rico for
the manufacturing sector.
In gen eral, Puerto Rico has three majors sectors
users o f com paratively large volumes o f petroleumenergy products from which energy savings can be
had. These are; E lectricity G eneration, Transpor
tation, and Manufacturing. The latter, although
more e ffic ie n t than the other two sectors, lags
behind the U .S . in e ffic ie n c y by about 10 % as
re flected by the en ergy-valu e added ratio.

The volume o f petroleum going Into the transpor
tation sector, 17.9 mmb and the accompanied law
e ffic ie n c y , about 25% finds its w ay into the used
en ergy category, makes transportation an area for
urgent conservation m easures. At the same time,
the c lo s e relationship o f transportation p o lic y to
manufacture, commerce, and tourism in Puerto
Rico make the impact o f re s tric tiv e p o lic ie s poten
tia lly injurious to the econom y. This im plies that
tra d e-o ffs must be ca refu lly w eighted in order to
obtain the most sa tisfa cto ry min-max relation for
Puerto Rico.

For the immediate future,the O ffice o f Petroleum
Fuels Affairs considers that energy conservation
programs are a priority item o f utmost sig n ifican ce.
An important o b jective o f the regional energy model
program is to iden tify where energy w aste is occur
ring, a s ses s the impact o f energy p o licies and then
orient the public on the importance o f energy o p ti
mization to cut down on energy w a ste.

Manufacturing on the other hand, provides about
30.0% o f GNP, whereas for 1975 it consumed
41.7% o f total e le c tr ic ity and paid for it 31.5% o f
total revenues re ce iv e d by PRWRA. B esides, it
consumed 20.1% o f total petroleum energy products
compared with 19.0% and 18.2% for e le c tric ity
generation and transportation, r e s p e c tiv e ly . How
eve r, in referen ce to the latter, manufacturing Is
much more e ffic ie n t since about 75.0% o f total
inputs is e ffe c t iv e ly used, w hereas, the other two
sectors are about 35.0% and 25.0% e ffic ie n t in
their u s e .

In order to Have a h istorical perspective o f the
above situation, lets consider the follow in g events
which are relevan t to energy and econom ic d evelop 
ment In Puerto Rico.
4. ENERGY AND ECONOMIC DEVELOPMENT
IN PUERTO RICO
4.1

HISTORICAL PERSPECTIVE

Energy
driving
m erely
growth

It Is worth noting that value added in the manufac
turing sector for 1973-74 and 1974-75 was

In a modern s o c ie ty can be regarded as a
force in econom ic developm ent and not
as a prerequisite to the functioning and
o f the econom y. In Puerto Rico the energy

(c )

* * * Estimate based on the en ergy-in ten siven ess c o e ffic ie n t.

(d )

* * * * Source: "A time to C hoose, Am erica's Energy Future", Energy P o licy Project o f the Ford Founda
tion, Page 14 6, 1974. This percentage underestim ates, inasmuch as the comparison is made with
the most energy in tensive groups and for a year when the energy a v a ila b ility w&s not so tight.
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producing sector except the Puerto Rico Water
Resources Authority, was created in the period o f
1955-5 6 with the establishment o f the Caribbean
G ulf Refining C o . and the Commonwealth Oil
Refining Co.
The year 19 65 marks the beginning o f the use o f
the federal Mandatory O il Import Program (MOIP)
for purposes other than the control o f imports to
ensure national security. Proclamation 3693 o f
December 10, 1965 provided for a llocation o f im
ports o f crude petroleum and unfinished o ils into
Puerto Rico for use as feedstocks for fa c ilitie s
already established or for expansion o f the e x is t
ing plants, which in Judgement o f the Secretary o f
the Interior would promote substantial expansion o f
employment in Puerto Rico.
On the 27 th o f M ay, 19 65, Ph illips Petroleum and
the Commonwealth o f Puerto Rico reached a p ri
vate agreement to the e ffe c t that in return for a
substantial investment (around $220 m illions over
the project life ) in Puerto Rico, Ph illips would
re c e iv e permission from the Department o f the
Interior to import 50,000 barrels per day o f crude
petroleum from the Western Hemisphere into
Puerto Rico and ship 248,000 barrels per day o f
gasolin e to the U .S . mainland. This agreement,
together with the proclam ation, opened the door
to other special allocation s (Sun O il, Union
Carbide, Texaco, and C orco) given in Puerto Rico,
which are continued today under Presidential
Proclamation 4210 o f April 18, (1973. E ssen tia lly,
the Federal Government has direct control over
anyone desiring to enter the Puerto Rican industry,
for to be com petitive a new entrant would need a
comparable sp ecia l a llo c a tio n . On January 29,
1968, Proclamation 3823 made, among others, the
system o f imports into Puerto Rico and shipments
from Puerto Rico to D istricts I-IV a pplicable to
D istrict V. The Secretary was authorised to make
adjustments n ecessitated by the M iddle East
crisis to reduce the e ffe c t upon the operation to
the MOIP o f supply interruption.
These concessions lead to further developm ent o f
the petroleum -petrochem ical complex in Puerto
Rico with the o b je c tiv e o f creating thousands o f
jobs by pushing investment from c lo s e to $500
m illions In 19 67 to $1 b illio n in 1971 and to $2
b illio n by 1975 . The drawing cards for these ob
je c tiv e s were cheaper than mainland petrochem ical
feed stock s, tax exemptions and r e la tiv e ly cheap
la b o r.

refin eries fluctuated between $9.13 to $9.44 per
barrel, w hereas, in Puerto Rico it fluctuated be
tween $9.63 to $12.80 per barrel. This compares
with a landed co st for October 197 3 o f $4.13. This
in crease have induced an in crease in the NET
ADDITIONAL COST for Imported petroleum for do
m estic consumption o f approxim ately $ 450 million
dollars for the period o f M ay 1974 to June 1975 .,as
compared to the situation experienced in October
197 3. This in crease in costs has had an acute im
pact on virtu a lly every sector o f so c ie ty .
4 .2

CONCLUDING REMARKS

Today, the energy crisis has d ecid ed ly inhibited
plans for establish in g additional refin ery ca p a city
in Puerto Rico, particularly if increasing fuel
p rices, stringent conservation measures in the
U .S . and plans for expanding the refinin g capacity
in D istricts I-IV o f the United States are a c c e le rted . In gen eral, the changes now occurring in the
a v a ila b ility and cost o f hydrocarbons create a s ig 
n ificant problem for firms which required this raw
material to produce fuels and petrochem icals.
These developm ents threaten the present structure
o f the industry and its future growth. H owever,
sp ecia l consideration by the Federal Government in
response to proposals submitted by the Common
wealth Government has resulted in the averaging
out o f our^crude and naphtha costs with mainland ■
raw materials p a rtia lly reinstating the comparative
advantages o f the lo ca l petroieum -petrochem ical
industry with the Gulf C oast operations . Therefore,
the national as w e ll as our energy p o lic y , must
take into account the unique feedstock and fuel
requirements o f our lo ca l industry, which fu lly d e
pends on imported raw m aterials, i f we are to avoid
making the U .S . economy further dependent on
foreign production with a resulting outflow o f ca p i
tal investm ent and dislocation o f employment.
F in ally, in order to optim ize energy consumption
and production lo ca l producers should be induced
to expand their current fa c ilite s to include down
stream and/or interm ediate product plants. In this
regard, further in cen tives should be addressed to
negotiation with lo ca l producers whereby raw ma
terial a v a ila b ility Is guaranteed at com petitive
price to any new downstream and/or intermediate
plants qu alifyin g for location in Puerto Rico and in
general strenghten the industrial sector by pur
suing a lin e o f econom ic complementarity with
countries possessin g reciprocating interests with
Puerto Rico and the United S ta tes.
^Acknowledgm ent. - This presentation is made
' p o ssib le by the support and constant dedication
o f a ll my co-w orkers at this O ffic e , particularly
M r. Juan A. DA Vila for very helpful d iscu ssion s.

In the above p o lic y considerations, no e x p lic it
mention was made about the role o f energy in the
achievem ent o f so cia l and economic goals . For
instance, from M ay to'Novem ber o f 1974, the
average adquisltion cost o f crude for the mainland
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MANPOWER PROGRAMS FOR ENGINEERS AND
TECHNOLOGISTS IN FUTURE ENERGY SYSTEMS
Burns E. H egler
University of Missouri - Rolla
Rolla, Missouri

Abstract
Technically competent personnel are required fo r the success of future energy programs.
To determine this country's educational ability to provide such personnel, a study has
been made of the present status and future plans fo r their education and training. The
plans of energy-related governmental, educational, and other organizations have been
reviewed, and the uncertainty of objectives, alternative goals, and problems of im ple
mentation have been considered. Although the results point to some problem areas,
they indicate that the country's educational institutions can provide the manpower fo r
future energy systems once the goals are established. Some conclusions and general
recommendations are proposed.

1. INTRODUCTION
In the last few decades, many authorities have stated

A real dilemma exists with respect to implementation,

that the most critical problems in industry tend to be

because the subgoals that pertain to the development of

human problems (1). When this condition is coupled

energy technologies have not been determined.

with the demands of an energy crisis, the matter of

example, it has not been decided which one of o r com

human resources becomes much la rger in scope. This

bination of fuel resources w ill be developed and used.

is complicated even more by the uniqueness of the

Some of this indecision is due to the forthcoming p re

energy crisis at this time.

sidential election in November of this year.

For

One of the

candidates recently stated that he planned to do away

The prim ary energy goals fo r the Nation were set in

with all four existing energy agencies and establish a

1975 by President Ford in his State of the Union

Cabinet-level energy department.

address: first, halt this country's dependence upon

There has been

some Indication that both candidates share sim ilar

import oil In the next few years; second, attain energy

opinions about the uncertainties (3).

independence by 1985; and third, supply a significant
share of the free world's energy needs beyond 1985 (2).

In particular, the major point of the present discussion

The following discussion deals with the implementation

concerns the education and training of engineers and

of these goals.

technicians. The chief questions that arise are simple
ones: Who is trained? How? When? In what num

2. ENERGY GOALS

ber ? By what method ? By whom ? Another paper in
2.1 INTRODUCTION

the conference addresses itself to a study of number of
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personnel required and timing of training.

This paper

manpower needs w ill develop in the various occupations

is concerned with those programs that exist or are

of each energy segment.

planned and the types of education and training that are

exist, because there are gaps in the data, the informa

associated with those programs.

tion in the data banks is not current, and the existing

However, major problems

data bases are not structured to extract meaningful

2.2 EKDA's PLAN

information.
An overall plan has been developed by the Energy Re

instituted by ERDA. The foremost of these efforts has

search and Development Administration (ERDA) in r e 
sponse to the President's goals (2).

Efforts to reduce the problems have been

been the recent establishment of the Office of Univer

The primary goals

sity Programs.

of this plan deal with the research and development of
The stated objective of the manpower education and

the technologies required to alleviate the present
energy crisis.

training portion of the plan is to assist in developing a

It is a mechanism that requires a con

solid base of skilled and professionally-trained man

sensus by governmental, industrial, and educational

power to support the energy research, development,

institutions on the proper national approach to solve the
energy crisis.

and demonstration effort of the plan. This portion of

This is true because the Federal Gov

the program 's strategy is to: 1) sponsor workshops,

ernment can neither unilaterally plan the course of

traineeships, conferences, and other educational inter

action nor accomplish all the necessary actions de

actions, 2) assist in curriculum development, and

fined by the plan.

3) conduct programs to promote the choosing of
2.3 IMPLEMENTATION OF ERDA's GOALS

careers in energy related disciplines.

The responsi

In the ERDA plan, the role of the Federal Government

bility fo r tills portion of the plan is also in the Office

is to assist the private sector in the development and

of University Programs.

market penetration of new energy technologies. The

It is the opinion of this author in this current study of

goals for ERDA's plan cannot be accomplished without

the Government's plan (2) and implementation (4) that

personnel who are adequately educated and trained.

these programs of education and manpower are not

While sound educational and training programs are

covered in detail or supported in substance.

necessary to implement these goals, it is considered
by ERDA to be of secondary importance.

3. ROLE OF EDUCATIONAL INSTITUTIONS

The imple

mentation of the entire plan Is covered in Volume 2:

3.1 INTRODUCTION

Program Implementation of ERDA's National Plan (4).

Eugene B. Snell recently made an interesting study of

The last two sections of the plan are devoted to two

the demand and supply fo r engineering manpower.

programs that pertain to 1) manpower and 2) manpower

points out that enrollment in the technical fields of

training and education.

education reversed its downward trend in the fall of

Both of these programs have

extremely modest budgets.

Because they are consi

1974.

He

His observation was based upon the number of

dered to be supporting activities, they are designated

freshmen enrolling in these fields (5).

as secondary alms that support the primary goal: "to

the Engineering Manpower Commission reports that in

perform basic and supporting research and technical

the last few years there was a decline in the number of

services related to energy. " (4)

engineering degrees granted.

A comparison of tech

nology degrees was impossible (6).

The stated objective of the manpower portion of the

John Alden of

Some of the other

anomalies in trying to determine if the supply meets

ERDA plan is to acquire information that w ill show how
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the demand are: 1) not all engineering graduates prac

Department of Electrical Engineering was to be the

tice engineering, and 2) some practice engineering

focal point fo r growth of the institute.

without an engineering education. These two possibili

never became a reality, but the original plan was set

ties probably do not balance each other out, also, it is

aside as a possible basis fo r a vertically structured

not known how they affect the margin between supply

curriculum in the future, and several power studies

and demand.

preference programs were developed fo r electrical

If one considers the existing data and

The institute

statements such as the above, it is difficult to reach a

engineering, mechanical engineering, and nuclear

conclusion as to whether or not enough professionals

engineering.

have been educated in engineering and technology.

have been implemented to some extent (8).

Both Alden and Snell agree that the overall manpower
situation in industry is chaotic.

At the present tim e the Massachusetts Institute of

The demand has been

Technology is the only known university that has a con

fluctuating for many years as a result of various eco
nomic factors.

The electrical engineering programs

tract under ERDA to formulate an energy curriculum

At an Engineering Foundation Confer

at the undergraduate and graduate levels (9).

ence in July of 1975, some interesting comments were
made by Dr. Myron Tribus of MIT.

The status of energy programs fo r other universities

He stated that

resembles that of UMR. A number of papers dealing

there are five principal problems in engineering:

with energy w ere presented this summer at the Annual

1) existance of a vacuum in national technological plan

Conference of the American Society fo r Engineering

ning, 2) failure of academia in educating engineers,

Education.

3) national policies that are counter productive to tech

Most of the authors of these papers repor

ted that the energy crisis has had a stimulating effect

nology, 4) absence of engineers from national decision

upon their nuclear and electrical power programs.

making, and 5) a breakdown in the self-im age of engi

The authors of one paper reported on a survey of

neers (7).

studies of alternate energy sources (10).
3. 2 UNIVERSITY PROGRAMS

They con

clude that current interest in alternate energy sources

Educational institutions in general have responded well

has had a significant inpact upon academic programs.

to the need for energy-related programs.

They also felt that engineering schools should tailor

Because

the facilities of the University of Missouri - Rolla

these programs so that students can work in these

(UMR) are available to the author and because UMR is

relatively new subject areas.

prim arily involved in the education of scientists and

an increase of seven percent in the number of schools

engineers, it w ill be used as an example in this dis

that have instituted power activities within their elec

cussion.

trical engineering facilities in the last four years (11).

Other university programs w ill also be con

sidered.

Another author reported

This same author showed a 16 percent increase in the
number of faculty participating in power engineering.

On November 7, 1973, the President of the United
States publicly declared that the country was in the

An ERDA report on the number of degrees that were

midst o f a severe energy crisis.

granted in the field of radiation protection fo r the ten

In the early fall of

that year, it was proposed that a power studies insti

years from 1966 to 1975 shows an increase of over 600

tute be estabUshed within the School of Engineering and

percent in undergraduate degrees.

School of Mines and Metallurgy at UMR.

o f increase occurred from 1971 to 1975 (12).

The Institute

The greatest rate
One of

was to be a consortium of several departments in the

the most notable programs fo r nuclear technicians is

two schools, and the power/energy program in the

being conducted at the Center fo r Nuclear Studies at
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Memphis State University.

must also be considered.

This institution has intro

Some of these are discussed

duced two pilot programs at Memphis and looks forward

below.

to using the training facilities at Oak Ridge (13).

of pertinent publications, the author's experience, and

There

Much of the information is based upon a survey

are a number of programs fo r technologists at various

other sources.

universities and other facilities throughout the Nation.

conducted under the auspices of ERDA this summer by

This training tends to show a substantial growth over

a group of educators fo r the American Society fo r

the past ten years (14).

Engineering Education.

A report by ERDA on nuclear

engineering enrollments and degrees shows an increase

One notable source is a study that was

4.1 NUCLEAR PROGRAMS

of more than 300 percent in the number of bachelors
The favorable effect of the defeat of the California

degrees granted; however, there is a decreasing rate

referendum, which would have inhibited the deployment

in the academic years from 1972-73 through 1974-75

of reactors, may w ell cause an increase in the demand

(15).

fo r nuclear personnel.

Industry, in the past, has been

The above information shows that there is a decided in

successful in retreading other types of engineers fo r

crease in the activities that are associated with educa

positions in the nuclear field, but this w ill become

tion and training in the various energy-related fields,

more difficult with the new generations of breeder

a condition which is probably attributal to the energy

reactors and controlled thermonuclear reactors. The

crisis.

more sophisticated energy systems w ill require equally

It was customary two years ago fo r persons to predict

knowledgeable engineers, technicians, and workers.

that a nuclear manpower crisis was in the offing (16);

The requirements for the design and maintenance of

however, the current estimation, which shows the num

these systems are several times more demanding than

ber of nuclear power plants that are scheduled to go

those fo r systems of the past.

into operation within the next ten years, is almost one-

tors think that a broader approach is necessary to

half the number of two years ago (17).

However, some educa

equip students with the abilities to handle the changing

Environmental

factors, reduced demand fo r energy, financial prob

problems of the nuclear industry. The National

lems, and lack of a firm national goal have all con

Science Foundation is currently sponsoring a program

tributed to this reduction.

to develop educational materials that deal with all ele
ments of the nuclear fuel cycle (15).

Because of the above conditions, it is extrem ely d iffi
cult to predict with any certainty if the current and

4.2 NON-NUCLEAR PROGRAMS

future output of energy oriented graduates w ill be

As stated previously, there has been some indication

adequate. To add to this uncertainty, there has been a

that educational institutions are attempting to imple

decided increase in the number of personnel required

ment the demands of the energy crisis by tailoring

to build and maintain a nuclear plant.

programs fo r the energy-related disciplines.

Their

efforts seem to be adequate fo r the present.

4. ADEQUACY OF PROGRAMS
It is very difficult to determine whether existing pro

The 94th Congress charged ERDA with the responsi

grams are adequate fo r the training and education of

bility of preparing a plan fo r educating and training

personnel.

non-nuclear technologists.

The chief reason fo r this, as stated before,

is that energy subgoals have not been established.

In the summer of 1976, an

ERDA/ASEE task force addressed itself to this charge.

The

The author has been able to communicate with one of

condition of the environment and many other issues
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energy crisis.

the members of the task force (18) and has obtained
information that is relevant to the present discussion.

6. Different environmental and safety problems for

A large amount of this information is concerned with

present and future technologies require uniquely

the administration of ERDA and has no bearing on the

trained individuals.

subject, but what is presented does not represent any
7. There is need fo r the multidisciplined approach

official opinion other than that of the members of the
task force and the author.

in the form of programs and personnel to imple

It is anticipated that the

ment the energy program.

results of the task fo rce's study w ill be released by
ERDA/ASEE. The following statements contain some

Tills country has the capabilities fo r educating and

of the recommendations that need to be implemented.

training its manpower to meet the energy crisis; how

Even though they were intended fo r non-nuclear pro

ever, the task could be accomplished much more

grams, they are general enough so that they can be

efficiently and with less anguish if the above and other

used to conclude the present discussion.

known deficiencies w ere corrected.
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THE ENERGY DILEMMA OF PUERTO RICO
Juan A . Bonnet, Jr. and Fernando L. P6rez
Puerto Rico W ater Resources Authority
San Juan, Puerto Rico

Abstract

The energy problems of the island of Puerto Rico are discussed in this paper. The conflict
between the need to increase the industrial activity and the need to reduce the almost
complete dependency on imported fuel oil is analyzed. Conservation measures and activities
to promote the development of our alternate energy sources are discussed. The case of
PuertoJlico presents what can happen to a country that depends almost exclusively in foreign
oil for its energy production.
I.

IN T R O D U C T IO N

M illio n Barrels per Day of Energy-Equivalent O il

The world energy use is presented in the composite curve on
Figure 1. This curve was published in the Electrical World
of November 1, 1975 in an article by Fremont Felix (1 ).
The curve presents the historical and projected use of
energy, detailing its sources. "If the forecast holds true",
said Felix "all presently known oil and natural gas w ill be
depleted within a 50 year period."
Other forecasts found in the literature also predict that all
the oil and natural gas of the world w ill be depleted, for
all practical purposes, within our life span.
The above forecasts concern us very much in Puerto Rico.
W e import annually from non-U . S. sources about 106
million barrels of fuel o i l . This amounts to about 35 barrels
per c itize n . O f the total imports, about 64 millions are
consumed internally and the balance is exported as petro
leum products.
In Puerto Rico, the transportation and the electric power
generation depends almost to tally on fuel oil or its pro
ducts. An exception is hydroelectric power, which sup
plies less than 2% of the electric power generation. This
situation w ill have to continue for the next eight or ten
years. The construction of a 600 MW nuclear plant had
to be postponed indefinitely and coal burning plants are
not attractive for the island. Therefore, conservation
and optimization measures w ill have to be implemented
in order to a llev ia te the fuel problem. In the meantime,
we are devoting efforts to promote the development of
our alternate energy sources.

WORLD ENERGY USE
Figure ]
Reference (1)
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A disturbing thought, however, is that we have to increase
our industrial a c tiv ity to create more jobs for the growing
labor force, but this w ill require a proportional increase
in our consumption of fuel o il, an energy source that
w ill be phased out in a limited period of tim e. As a result,
we may get involved in due time in a chaos of unafford
able energy prices created by the fuel scarcity.
2.

(1)
(2)
(3)
(4)

High population density
High birth rate
Scarce Natural Resources
Low savings index

Due to these problems we have been motivated to use our
main resource - our people - in the most effective manner.
This has required to educate our labor force in modern
techniques in order to use it more effectively. A basic
instrument in this effort was "Operation Bootstrap" a
massive program that the local government launched in
the year 1940 to industrialize the island w hile maintain
ing the most valuable agricultural activities.

BA CKG R O U N D O N PUERTO RICO

The geographers describe the island of Puerto Rico
(Figure 2) as a mountain surrounded by w ater. It is asso
ciated to the United States through a political formula
known as Commonwealth. Its population amounts to 3
m illio n people distributed on an area of 8 ,8 9 7 km .2, for
an average population density of 337 persons per square
kilom eter. Birth rate is now decreasing, but it is still at
a high value of 2 3 .7 cases per thousand persons annually.
The net income per capita is approximately $ 1 ,9 8 5 annually
and the gross national product for the year 1975 was
$7, 117 m illions.

Operation Bootstrap was undertaken to turn the economy
from a poor agricultural base into a wealthy industrial
base. The objective was to increase our income and im
prove our economy by means of the high industrial wages
and the related industrial a c tiv ity . Low energy prices
based on low cost imported oil were offered as incentive
to American and foreign industries in order to attract
them to Puerto Rico. A fter two decades, industry was
converted in the backbone of our economy, progress
reached all social levels and Puerto Rico was cat led
"the showcase of A m erica."

O u r economy is affected by the following four basic pro
blems:
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The petroleum flow pattern of Puerto Rico during Fiscal
Year 1975 is shown on Table I . Indicators of the eco
nomic recession are observed in the reduced magnitudes
of the figures. For example, total imports and change
on inventories were only 106.1 m illion barrels, instead
of the expected 120 millions or over.
The table presents a breakdown by sectors of consumption
and used and lost energy in each one. Manufacturing
(2 3 .8 m illion barrels) is the biggest sector followed by the
production of ele ctricity (1 9 .1 m illion barrels) transpor
tation (1 7 .4 m illion barrels) and others (4 .1 m illion
barrels). Exports in the form of petroleum products
account for 4 1 .7 m illion barrels of the total imports.
Table 2 gives and idea of the petroleum industry operating
in Puerto Rico. There are three oil refineries . Carribbean
G u lf O il Refinery is located in Bayam6n, about ten k ilo 
meters to the south east of San Juan. Commonwealth O il
Refinery is in Pefiuelas in the south coast. Sun O il
Company is located in Yabucoa in the south east coast.
The three refineries have a combined capacity of
283, 800 barrels per d ay. By 1978, the estimated internal
consumption w ill be 200,000 barrels per day, leaving a
net exportable capacity of about 7 5 ,5 0 0 barrels per day.
Table I
SIZE OF THE COUNTRIES IN PROPORTION
TO THEIR FUEL O IL C O N S U M P T IO N

PUERTO RICO PETROLEUM FLOW PATTERN
Fiscal Year 1975

Figure 3
mmb

Reference (2)
Total Imports and chongs
on Inventories

The recent increases in imported fuel oil prices have
turned this situation around. Imported oil has now higher
prices than domestic oil and the low price energy incent
ive has vanished. Therefore, a key element in our indus
trial promotion program, no longer exists. This represents
a threat which we must deal promptly and effectively if
we want our economic ac tiv ity to regain healthy levels.

106.

%

1

Crude
Naptha
Other products
Used
Lost
Energy Energy
mmb
mmb

Sectorial Consumption
3.

TOTAL ENERGY C O N S U M P T IO N
IN PUERTO RICO

Electricity
Transportation
Manufacturing

In spite of its small size, Puerto Rico ranks high in oil
consumption among the other countries of the w orld. The
map on Figure 3 was redrawn from a similar one that
appeared in the June 1974 edition of the National G eo
graphic magazine, in which the countries are sized in
proportion to their fuel oil consumption (2) . N otice
that in this map Puerto Rico becomes the biggest of the
an tilies . It is bigger than Alaska and most countries of
South and Central America. W ith the exception of the
United States, United Kingdom, France, Canada and
few others, the fuel oil consumption of Puerto Rico is
of the same order of magnitude as the fuel oil consump
tion of the remaining countries of the world.

19.1
17.4
2 3 .8

18.0
16.4
2 2 ,4

4.1

3 .9

Subtotal

6 4 .4

6 0 .7

Total

4 1 .7
10671

3 9 .3
100.0

Others

Exports

V

12.4

29.8

3 4 .6

46.3%

53 .7%

13* 12/
8. 1 ,8 -4 / 1.0
7 .0 4 .3 ,/

V

Used ele ctricity imputed in manufacturing and
others sectors.

2/

Includes loss in process.

mmb: M illio n barrels
Note:
Source:
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Lost and used energy developed from U . S .
Western States Statistics
O ffic e of Petroleum Fuel Affairs of Puerto Rico

Table 2
Puerto Rican Refinery Capacitites and N et Exportable
Capacities in Thousands of Barrels per Day
Company

Actual Capacities
1966
1974

Caribbean Gulf, Bayamon
Commonwealth O il Ref.
Company, PePluelas
Sun O il C o ., Yabucoa

3 1 .5
103.5

—

8 5 .0

Total

135.0

28 3.8

Source:

4.

3 7 .8
161.0

Planned Capacities
1975
1976
1977
37 .8
161.0

~' J
)978

3 7 .8
161.0

37 .8
161.0

37 .8
161.0

8 5 .0

8 5 .0

8 5 .0

8 5 .0

28 3.8

28 3.8

28 3.8

28 3.8

nfcstimatefl Puerto I
1978

___

—
_
2UF70

Nef E x p rt'1978'

—
___
75 .5

O ffic e of Petroleum Fuel Affairs of Puerto Rico

ELECTRIC ENERGY PRO DU CTIO N
A N D C O N S U M P T IO N

analysis is performed on the historical trends of energy
sales. During the 1960 decade and the early 1970, the
system was growing at approximately 15% annually.
This tremendous growth was suddenly halted during the
embargo years, decreasing to only a 2 .9 % in 1973-74
and to the first negative growth in PRWRA's history
during 1974-75 of - 1 .7 % . A gradual upswing was
experienced during the past fiscal year with an en d -o fyear increase of 3 .7 % with respect to the previous year.
This recovery has been noticeable since the second half
of 1975-76. The first three months of the 1976-77 fiscal
year have shown a growth of 5 to 6 % . Present indications
tend to demonstrate that this growth "pattern w ill be main
tained on the average for the next few years.

The electric energy production and consumption can be
very well described through the activities of the Puerto
Rico W ater Resources Authority.
The Puerto Rico W ater Resources Authority (PRWRA) is
public corporation and governmental agency of the Com
monwealth of Puerto Rico created for the purpose of
developing and utilizin g the'energy resources of Puerto
Rico to generate and distribute ele ctricity at the lowest
possible cost. As such, PRWRA is the sole supplier of
electric power in the Commonwealth.
PRWRA has accumulated many years of experience in the
operation and administration of electric power systems.
O ve r 800,000 customers are served in Puerto Rico and the
nearby islands of Vieques and Culebra. System load is
characterized by a high load factor of over 75% due to
the intensive industrial a c tiv ity . Annual energy sales
are over 10,200 million KWH of which about 4 ,3 0 0
m illion KWH go to the industry and about 3 ,2 0 0 m illion
KWH go to the residences. Commercial consumers
account for about 2 ,2 0 0 m illion KWH and the balance
go to other classes of customers.

Electric service in Puerto Rico is now available to over
98% of the people. W e can say proudly that we have a
to tally electrified country. Historically in highly elec
trified countries, the electric power consumption follows
the same trends as the gross national product (G N P)
f igure 4 shows that Puerto Rico presents similar trends.
There is no doubt that the predicted increase in electric
power demand is closely related to an increase in indus
trial a c tiv ity . This might imply the addition of new fuel
oil generating units in a world of vanishing fuel oil
reserves. This w ill be explained further in the following
sections.

Since the PRWRA system does not have interconnections
with other electrical systems, it must provide a high
reserve capacity in order to attain good levels of re lia b i
lity . Capacity factor is thus low (peak demand is about
1800 MWe and installed capacity is about 4 ,4 0 0 M W e ).

5.

NUCLEAR POWER

Although we don't have nuclear power plants at present,
PRWRA has experience in nuclear power generation.
From 1964 to 1967 it operated the BONUS nuclear plant
at Punta Higuero in the westernmost tip part of the island.
The BONUS plant, a joint venture between the Atomic
Energy Commission and the PRWRA, was one of the early
demonstration reactors. It had a capacity of 16.5 MWe
and was one of the first reactors in the world with an
integral nuclear superheater.

As previously mentioned, power production in Puerto
Rico is accomplished, almost in its entirety, by means of
oil fired steam electric units, gas turbines, jet units,
and less than 2% in hydroelectric units.
The impact of the recent economic recession ant its sub
sequent resurgence have been self-evident when an
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burning plants, bring additional problems and costs. Un
less oil prices continue rising and coal utilization tech
nology improves, we do not foresee using coal in the near
future.
7.

C O N S E R V A TIO N

GROWTH (PERCENT)

The Commonwealth Government is implementing a compre
hensive program aimed to reduce waste of energy. In
addition, life lin e type of laws enacted in 1974 to alleviate
the impact of the high costs of energy on low economic
income customers have resulted in effective incentives
to promote energy conservation. This was one of the
first life lin e rate incentives put into operation in the
U.S.

*

According to the law. all residential customers consuming
less than 425 Kwh per month, are exempted of fuel adjust
ment charge for the first 400 Kwh consumed. The Commonwelath Government pays this charge to the PRWRA.
During the last fiscal year 5 1 5,00 0 residential customers
(almost 70% of residential customers') were favored by
this subsidy. The amount subsidized was $ 2 9 ,3 0 2 ,0 8 9 .

Forecast not A vailable

GROSS N A T IO N A L PRODUCT A N D
ELECTRIC POWER C O N S U M P T IO N IN PUERTO RICO

The Consumer Affairs Department of the Commonwealth
Government is coordinating an inter-agency effort to
implement energy conservation measures. The O ffic e
of Petroleum Fuel Affairs of Puerto Rico edited a
pamphlet with guidelines and advises to make the most
efficient use of the energy by avoiding wasteful practices.
These conservation activities continue and a vigorous
plan is expected to emerge soon. Consumer education on
conservation practices is expected to be a key element
of the p la n .

Figure 4

At the beginning of this decade, the PRWRA planned to
install a nuclear plant in Aguirre, on the south coast.
It was a 600 MW e unit scheduled to be in operation
during October 1976. Unfortunately the project had to
be discontinued several years later due to some uncertain
ties in the geology of the site.
After an exhaustive study of the island, the town of
Arecibo on the north coast was selected for the installa
tion of the nuclear plant. The operation of the nuclear
plant was scheduled for the year 1981 but later due to
the electric demand reduction, the project was post
poned to 1985. Last December it was postponed indefi
n itely due to a combination of the reduced electric
demand and the increased capital cost of the project.
A t present we are trying to sell the nuclear plant equip
ment. This w ill give us time to develop a new financial
strategy to build a nuclear plant in the island when the
need arises.
6.

Also the PRWRA is carrying out several studies and a c tiv 
ities aimed at promoting conservation of energy and
resources from the power production stand point. The
activities form part of the U tilities Conservation Action
Now (U C A N ) Draft Plan which was submitted to the
Federal
Energy Administration on August 13, 1976.(3)
The U C A N plan of the PRWRA is aimed at optimizing the
use of the generating facilities and the consumption of
fu e l. By force it considers the particular characteristics
of the electrical system and the needs of Puerto Rico.
Our U C A N Draft Action Plan contains the following
objectives, conservation measures, and efficiency
measures:

COAL

Some studies have been made, and others are under
way, to determine the feasibility of burning coal in

(1)

Improve system load factor by providing
incentives to shift loads from daytime to
nightime use and also determine the opti
mum load factor for the system.

(2)

Increase the capacity factor commensurate
with good system re lia b ility .

Puerto Rico.
The probabilities of installing coal fueled plants in
Puerto Rico, are very low . Since we don't have coal
resources, enormous quantities of the fuel w ill have to
be transported by ships and stored. In addition to this
logistics problem, cleaning the exhaust gases from coal

i
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provided by the FEA that this year amounts to $357,000

(3)

Encourage growth in kilowatthour sales w ith out incurring in wastefulness.

(4)

Reduce the annual peak kilow att demand
growth ra te .

(5)

Improve system heat rate to reduce fuel oil
consumption.

(6)

Reform the structural tariff rate.

(7)

Promote and advertise efficiency in the use
of electric energy.

(8)

Carry out solar and solar assisted research.

Fiscal Year

(9)

Develop a Consumer Education Program

1971-72
1972-73
1973-74
1974-75
1975-76
1976-77
1978-79
1980-81

(10)

Table 4
PUERTO RICO
Electric Power System Capacity Factor

Cooperate in solid waste energy and
material recovery efforts.

O ur system is characterized by having a high load factor
as shown on Table 3, but this does not mean that we can
operate at high capacity facotrs. The fact that we don't
have interconnections with neighboring systems in conjunc
tion with the absence of a pronounced seasonal load
variation calls for a large amount of reserve to maintain
an acceptable level of re lia b ility . Table 4 shows annual
capacity factors of our system from 1971-72 to 1975-76
and forecasts running up to 1985-86.

Capacity Factor (%)
63
59
48
40
33
32
35
38

Table 5
Table 3

PUERTO RICO
Barrels of Fuel Consumed in Electric
Power Production

PUERTO RICO
Electric Power System Load Factor

Fiscal Y ear

Fuel
Consumed
Fiscal Year (Barrels)

System Annual
Load Factor (%)

^ osl’
($ millions)

1975-76
1976-77
1977-78

20,693(000
20,663,000
21,354,000

2 4 3 .6
2 8 5 .5
3 1 7 .4

77.1

1978-79

2^628(000

3 6 8 .9

75 .8

1979-80

24,076,000

4 3 5 .2

1976-77

7 5 .8

1980-81

25,739,000

5 1 0 .3

1978-79

77 .2

1980-81

7 8 .0

1985-86

7 8 .5

1972-73

7 8 .3

1973-74

7 7 .2

1974-75
1975-76

Table 5 presents the actual and forecasted fuel consump
tions and total cost. These forecasts w ill be modified by
the U C AN action p la n . Some of these objectives w ill be
pursued through a load management demonstration project
to be sponsored by the Federal Energy Administration
(FEA). (4) This project w ill operate on an annual grant

8.

ALTERNATE ENERGY SOURCES

There are several studies and projects being performed on
alternate energy sources. Few of them, if any, can have
an immediate impact on the energy situation of Puerto
Rico, but we w ill continue them expecting future reward.

223

8.1

ENERGY A N D M A f ERIAL RECOVERY FROM SOLID
WASTE

8 .2

O C EA N THERMAL ENERGY C O N V E R S IO N (O T E C )

A study of the characteristics of the Punta Tuna site is
being performed by a team from the Department of
M arine Sciences of the University of Puerto Rico. The
team is headed by Dr. Donald Atwood. The site is about
four kilometers south east of Yabucoa. The National
Science Foundation sponsors this project. The study has
prelim inarily indicated that Puerto Rico possess some of
the best locations for developing this energy concept.
Consequently, the Puerto Rico Energy and Environmental
Research Center intends to expand studies at this site.

A study for the San Juan Metropolitan Area was per
formed by the Energy Research Institute of the Puerto
Rico W ater Resources Authority (ERI-PRWRA). Seven
alternatives were considered. Table 6 is a summary of
cost analysis. (5)
This study demonstrated the feasibility of recovering
energy and materials from the solid waste of the San
Juan Metropolitan Area. The solid waste to be produced
by 1980 can be used as fuel for a 7 1 .8 M W e plant that
can generate about 558, 316 MWH of electric energy
per year. Fuel saved w ill be about 92 7,43 5 barrels of
oil per year. Table 7 presents the results of a desirabil
ity analysis of all the alternatives studied. The alterna
tive ranked in the first place was "Unprocessed Solid
Waste Fueled Electric Plant— No M aterial Recovery."
Although this alternative is not the most economic, it
obtained the highest ranking, in part because it is based
on the use of w ater-w all incinerators, which is a tech
nique proven for many years in Europe and other places.
Pyrolisis, the most economic alternative, was ranked 6
and recommended for future study because of the little
operating experience acrued by this process and the
uncertain market for pyrolysis gas at present.

Figure 5 provides data on the temperature differences
at the site. (6) A t depths of about 1000 meters, temper
ature differences of about 2 5 ° C can be found in relation
to surface temperature. W e believe that on the long
run, OTEC has a great potential for our island.
8 .3

SOLAR C O O L IN G A N D H E A TIN G

The Department of Natural Resources of Puerto Rico is
heading an inter-agency team with the objective of pro
viding solar air conditioning and water heating to a typi
cal industrial building. ERDA provided recently a grant
of about $500,000 for this study. (7)

Table

6

SUMMARY OF COSTS O F SEVEN ALTERNATIVES FOR ENERGY
A N D MATERIAL RECOVERY FROM SOLID WASTE O F THE SAN JU A N M ETRO POLITAN AREA

Systems

Capital Costs Dollars

Uperation Costs
$/ton

Revenues
$/to n

N e t Cost*
$/ton

Unprocessed Solid W asteM aterial Recovery

6 9 ,0 1 4 , 100

2 0 .7 0

15.37

-5 .3 3

Unprocessed Solid W asteN O M aterial Recovery

6 6 ,8 3 4 , 100

18.32

13.46

-5 .3 6

Unprocessed Solid W asteExisting Turbo-Generator
M aterial Recovery

5 7 ,4 1 4 , 100

18.79

13.16

-5 .6 3

Unprocessed Solid W asteExisting Turbo-Generator
N o M aterial Recovery

4 2 ,2 3 4 , 100

16.42

11.25

-5 .1 7

Pyrolysis System-Material
Recovery

4 0 ,8 0 9 ,4 0 0

15.96

14.15

-1 .8 1

Pyrolysis System-No
M aterial Recovery

3 8 ,6 2 9 ,4 0 0

15.57

12.96

-2 .6 1

Composting

1 8 ,723 ,5 00

9 .3 8

3 .0 2

-6 .3 6

* The negative sign indicates that the operation costs are higher than the revenues,
as a dumping feed to the users.
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The net cost must be charged

Table 7
DESIRABILITY R A N K IN G OF SEVEN ALTERNATIVES FOR
ENERGY A N D MATERIAL RECOVERY FROM SOLID WASTE OF THE
SAN JU A N METROPOLITAN AREA*

Process

Average Overall
Weighted Score
for each Process

Desirability
Rank

N et Cost
($/ton)

Unprocessed Solid Waste Fueled
Electric P la n t-N o M aterial
Recovery

0 .7 9 9

1

-$ 5 .3 6

Unprocessed Solid Waste Fueled
Electric P la n t-M a te ria l Recovery

0 .7 7 0

2

-$ 5 .3 3

Unprocessed Solid Waste Existing
Turbo-Generator No M aterial
Recovery

0 .7 6 7

3

-$ 5 .1 7

Pyrolysis System N o M aterial
Recovery

0 .7 2 2

4

-$ 2 .6 1

Unprocessed Solid Waste Existing
Turbo-Generator M aterial
Recovery

0 .7 1 8

5

-$ 5 .6 3

Pyrolysis System M aterial Recovery

0 .7 0 3

6

-$ 1 .8 1

Composting

0 .5 4 0

7

-$ 6 .3 6

* The negative sign indicates that the operation costs are higher than the revenues.
The net cost must be charged as a dumping fee to the users.

8 .4

IMPACT OF SOLAR H E A TIN G A N D C O O L IN G
O N ELECTRIC UTILITIES

The Puerto Rico W ater Resources Authority is conducting
a study of the financial and technical impact on a Public
U tility that may be caused by the intensive use of solar
cooling and heating by the subscribers. This study is
conducted with a $32,500 grant from the National
Science Foundation.
The preliminary results obtained in this study indicate
that for solar water heating, the observed delay in the
requirement for additional generating capacity is about
one year w hile the reduction in production costs is in the
order of three per cent. The effect due to solar space
cooling was greater than for the water heating case,
but not to a great extent.
Regarding the transmission system, it was determined that
the expected reduction in peak demand due to solar heat
ing/cooling would permit a delay of about three years
in the projected schedule of improvements to the trans
mission system.

Reference (6)
i
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PUNTA T U N A OTEC SITE TEMPERATURE
DEPTH PROFILE
Figure 5

8 .5 W IN D TURBINE GENERATORS (WTG)
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C O N C L U S IO N

Puerto Rico must continue developing its socio-economic
and industrial ac tivities. This w ill increase substantially
our present energy requirements. Also Puerto Rico must
move vigorously to get rid of the Island's dependence on
foreign o i l . In order to meet the increase in energy
needs during the next decade nuclear power is the best
choice, but we can not afford its high capital cost. As
a result, we might be forced to install new oil plants.
This is our energy dilemma, as scenario that may be
duplicated in the continental United States if it continu
ous increasing its dependency on foreign o il.

JU AN A . B O N N E T, JR.
Juan A . Bonnet, Jr. was born on April 27, 1939 in
Santurce, Puerto Rico. He received a B. S. in Chemical
Engineering from the University of M ichigan in 1960. In
1961 M r. Bonnet received an M . S. in N uclear Engineer
ing from the University of Puerto Rico, Mayaguez Campjs.
From June 1961 to February 1962 he received on the
job training in radiation safety and nuclear reactor opera
tion at Arconne N ational Laboratory. From 1962 to
1967 M r. Bonnet occupied several supervisory positions
at the BONUS N uclear Plant in Puerto Rico. In 1971
he received a PhD in N uclear Engineering from the
University of M ich ig an . Ar present is Assistant Executive
Director for Planning and Engineering of the Puerto Rico
W ater Resources A uthority.

Our immediate hope to allev ia te this problem are the
conservation measures. On the intermediate run we
must use the imagination and develop a new financial
strategy to be able to afford nuclear power plants. On
the long run, we may be able to obtain benefit from
ocean thermal energy conversion and solar plants. Also
we w ill continue working on projects of smaller impact
like wind turbine generators and energy recovery.
Puerto Rico must maintain all its energy options open.
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TOWARD ESTABLISHING A NATIONAL ENERGY POLICY
J. L. Gaddy
Department of Chemical Engineering
University of Missouri-Rolla
Rolla, Missouri 65401

Abstract
Coal must become the predominant energy source for this nation for the next 50100 years and petroleum must be conserved for petrochemicals. Coal gasification
and liquefaction are wasteful processes that will lead tounnecessarily rapid
depletion of coal reserves. Generation of electricity with coal is a more
economical means of using coal for energy and this technology is already avail
able. This paper discusses the advantages of a coal-electric energy economy and
how such an economy.can be implemented.
INTRODUCTION
The United States has 5 percent of the world's
population, yet consumes 35 percent of the total
energy. U.S. energy consumption reached 80 quad
rillion BTU in 1975 and in some projections is
expected to double by 1990.^
Even with a
moderate growth rate in energy usage of 3 percent
per year, U.S. energy consumption would reach
(?)
120 quads by 1990.

Domestic production of natural gas will be only
70 percent of our usage by 1990. These projections
are composites from the oil industry and include
production from future petroleum discoveries,

In recent years, most of the energy consumed in
the U.S. has been supplied by petroleum, as shown
in Table 1. In 1975, more than three quarters of
our energy came from oil and gas. A petroleum
based energy economy is expected to continue
through 1990, when 62 percent of our energy will

Oil
Gas
Coal
Hydroelectric
Nuclear

including Alaska.
Table 1.

Sources of U.S. Energy*
Percentage of Total Supply
1975
1990
39
45
23
31
20
18
3
4
15
2

Composite from (1,2)

be supplied by oil and gas.

The real energy crisis becomes apparent from a
realization of the quantities of imported crude

An examination of the sources of our petroleum
supply, shown in Table 2, indicates that oil pro
duction from domestic sources will decline from
62 percent in 1975 to only 39 percent by 1990.

oil and natural gas that will be required in
fifteen years. By 1990, about one third of our
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Table 2. U.S. Petroleum Supply*

Domestic Production
Symthetics
Imports

by our present crude oil position, where domestic
supplies are inadequate; and, in the absence of
alternative sources of energy, the price of
imported crude has risen about 400 percent in
three years.

Percentage of Total Supply
Oil
Gas
1975 1990
1975
1990
62
39
94
70
5
1
14
38
56
5
16

Future energy policies must be far-sighted. We
must take a long look at our remaining energy
resources and allocate them wisely. There will be
no immediate panacea in solar, wind, geothermal or
fusion energy. These resources, while probably
more expensive, represent solutions for the future;
but will not solve our present crisis. Petroleum,
coal and fission will continue to supply our
energy for the immediate future.

Composite from (2,3)
total energy will be imported.
This imported
energy will be equivalent to 15 million barrels of
oil daily^ or about $70 billion annually, at
today's energy prices.
Energy deficits will pose a tremendous strain on
our economy and lead us down a very treacherous
political path. Dependence upon imported energy
could become our most serious problem, more hazard
ous than environmental quality, inflation, etc.
Yet, we still have no definitive program for
achieving energy self-sufficiency. Admittedly,
enactment of a national policy on energy is a
difficult matter. There are many alternative path
ways and many private interests to satisfy.

Since these chemical energy sources are limited,
we must look for the most efficient means to use
them. Future energy policies must be based upon
maximizing the efficiency of resource utilization,
rather than economics. This procedure may be more
costly initially, in some instances; however, in
the long run, the economy will be best served by
this policy. The purpose of this paper is to
present an analysis of the efficiencies of the
ways we use energy and to develQp an energy policy

Present energy policy seems to center around main
taining a petroleum energy base: synthetic gas
and oil development, price regulation to reduce
consumption and stimulate exploration, etc. As
the U.S. faces importation of over half its petro
leum in the near future, perhaps now is the time
to consider an energy economy not heavily depend
ent upon petroleum. Such an energy economy is
inevitable eventually and any solution to the
present petroleum shortage can only be temporary.

which leads to the optimal allocation of our
present resources.
ENERGY CONVERSIONS
There are five basic forms of energy: chemical,
thermal, electrical, mechanical and radiant.
Energy is consumed primarily in the thermal,
electrical and mechanical forms. However, the
source of almost all of our energy is chemical
(petroleum or coal); so that conversions of
chemical energy are necessary steps in our energy
economy.

Economics has dictated energy policies in the past.
The kind of energy that was used was determined
by prices, which in many instances were regulated,
but still brought a reasonable return to the
supplier. This policy has worked well, as we
have enjoyed abundant and cheap energy for many
years. However, a policy based upon economics
cannot be expected to function properly in a resource-limited economy. This situation is typified

Considering the five basic energy forms, there are
twenty-five possible energy conversion steps. Ten
of the most common conversions are shown in Table
3. Single energy
plete, because of
forms of energy.
energy conversion
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conversions are usually incom
losses or formation of undesired
The degree of completion of an
can be expressed by a "first law"

Table 3.
Direct Energy Conversion Efficiencies (8)
Energy Conversion
Chem-*-Therm

Process

Conversion Effii

Boiler

88

Home Furnace

50*

Therrm-Mech

Steam Turbine

45

Mecln-Elec

Generator

99

Elec-s-Mech

Motor-Smal 1

62

Large

92

Incadescent Lamp

5

Flourescent Lamp.

20

Gas Laser

40

Elec+Chem

Storage Battery

72

Chem+Elec

Dry Cell Battery

92

Fuel Cell

60

Rad->-Elec

Solar Cell

10

Thernu-Elec

Thermocouple

8

Them»Mech

Gas Turbine

35

Auto Engine

25

Elec->Radiant

Elec->-Therm

Resistance Heater

100

Home furnaces rated as high as 75 percent, but applied
efficiency usually 35-50 percent. (8)

efficiency,^ e, defined as the net energy avail
able in the desired form, divided by the total
energy available before conversion. Table 3 also
lists typical conversion efficiencies for several
processes. For example, 88 percent of the chemi
cal energy available in coal can be converted to
thermal energy as steam in a boiler; the re
mainder being lost in the flue gases. The
efficiencies listed are generally the best avail

Direct conversion of the energy resource into
the desired form is not frequently possible; and
several conversion steps may be required. Table
4 lists the conversion steps required to derive
electricity, heat and transportation from chemical
energy sources. The efficiency of combinatorial
energy conversions is given by Equation (1):
N
E = II e1=1 1

able with present technology.
where

E = net conversion efficiency
e = efficiency for step i

(1)

Table 4.
Combined Energy Conversions
Energy Conversion
Processes

Combi ned
Efficiency (%)

Requirement

Example

Electrici ty

Power Plant

Chem+Therm-*-Mech ■>
Elec

39

Gas Turbine
Generator

Chem(Gas)-*-Therm->MecfriElec

32

Fuel Cell

Chem->Elec

60

Electric Furnace

Chem->Therm->Mech
Elec+Therm

39

Gas, Oil or Coal
Furnace

Chem+Therm

50

Internal Comb.
Engine

Chern(Oi 1)->-Therm->Mech

25

Battery Powered

Chem-*-Therm->Mech■*
Elec-*-Chem->Elec-vMech

26

Fuel Cell

Chem->£lec-+Mech

55

Space Heating

Transportation

For example, electricity is generated from chemical energy by making these conversions; chern-*therm(boiler), therm->mech( turbine ) and mech-^elec
(generator). Using Equation (1) and the data from
Table 3, the efficiency, E, of this conversion is:
(.88)(.45)(.99) = .39.

power. Also, direct combustion is more efficient
in providing space heat than the electric furnace.
The gasoline powered automobile is slightly less
efficient than a battery driven car, powered by
electricity generated from the same gasoline.
RESERVES OF CHEMICAL ENERGY

Electricity, space heating and transportation
represent the largest individual end uses of
energy in this country; each requiring about 25
percent of the total consumption. Table 4 gives
the efficiencies of several processes for produc
ing energy for these requirements. It is distress
ing to realize that the overall efficiency of our
utilization of chemical energy for the above uses
is only about 35 percent, not including losses in
the transportation of energy.^ This poor effi
ciency reinforces the need for examination of our
conversion practices in developing an energy policy.
It is interesting to observe from Table 4 that the
fuel cell offers a means of about doubling the
efficiency of electricity generation and motive
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Decisions as to the prudent use of our chemical
energy resources cannot be made without reference
to the reserves of these resources. It would be
unwise, for example, to use gas for space heating
when our natural gas reserves are rapidly dwindling.
Table 5 presents the proven recoverable reserves
of our chemical energy resources. The life of
these reserves can be estimated by Equation (2):

where A = availability of reserve, yrs.
R = current quantity of proven reserve
C = annual rate of consumption of
reserve

This availability is different from the usual
representation of the life of resources which is
computed from the current production, rather than
the consumption. While it is recognized that
both R and C change with time, probably increasing,
it is usually assumed that these changes are off
setting so that the measured availability is
realistic. Table 5 shows that our current re
serves of petroleum would last only 5-11 years
if all the demand were supplied by domestic pro
duction, while coal would last 275 years.
It may be argued that the reserves of coal, being
more easily defined, are not likely to increase

allocating resources, since neither the demand nor
efficiency of utilization is included. A better
measure is to consider the annual quantity of a
resource allocated to a certain need, calculated
as:
RA = (RHE)
where

x

1

RA = resource allocation, % per year
D = current annual demand for a
particular form of energy (output)
E = efficiency of converting resource
into the energy form used

For example, the demand in 1975 for space heating
15
was 6.1 x 10 BTU/yr., thermal output (chemical
energy input is 12.2 x 1015 BTU).^8,13^ If this
energy requirement is provided by gas with a con
version efficiency of 50 percent, the resource
allocation, RA, is;

significantly; while the reserves of oil and gas
will surely increase with continued exploration.
Nevertheless, the magnitude of the availabilities
is significantly different, and we must begin to
realize that our petroleum reserves have a finite
life, perhaps twenty or thirty years, at the
present rate of consumption. It has been esti
mated that 75 percent of the ultimate available
oil in the U.S. had been discovered by 1965.

RA

INTRINSIC ENERGY CONVERSIONS
The data of Table 5 show the heavy dependence
that must be placed on coal in the future. There
is incentive to convert coal into gas and oil,
more desirable energy forms. These are intrinsic
conversions of one form of chemical energy to
another form of chemical energy. These conversions
are always for convenience; i.e., it is more con
venient to burn gas in home furnaces than to
stoke coal.
Intrinsic energy conversions consume energy, re
sulting in a reduction of the efficiency of the
conversion. Table 6 lists several intrinsic
chem-»chem energy transformations, along with their
efficiencies. These efficiencies must also be
considered in establishing a wise allocation of
our resources.

--x- 18 L x 100 = 5.2%/yr.
(237 x 10lb)(.5)

Of course, it is unreasonable to assume that all
of a certain demand will be met from a single
energy source. Equation (3) can accommodate the
use of a fraction of demand to be allocated to a
particular resource. Allocations to supply the
space heating, electricity generation and trans
portation needs are given in Table 7.
Space Heating. From Table 4, the most efficient
means of providing space heating is by direct
combustion of oil, gas or coal. To use either
gas or oil for this purpose would deplete these
reserves at the rate of about 5-6 percent per
year as shown in Table 7. Therefore, coal should
be the fuel allocated for this need.
However,
the use of coal for direct heating of individual
homes is inconvenient.
Space heating could be provided by electricity
generated from coal with an overall efficiency of
39 percent and a coal allocation for heating of .4
percent per year. Coal can be converted to gas to
provide space heating with an efficiency of 32

A RATIONAL ENERGY POLICY
The availability of an energy reserve, calculated
by Equation (2), is not a useful measure for

232

Table 5.
Availability of U.S. Chemical Energy Reserves
Chemical
Energy
Form
Gas

Proven Recoverable

Consumption, C

Reserves, R, lO^BTU
*
237

1015 BTU/.yr^

Availability, A
Yrs.

23

11

204*
**
4400

38

5

16

275

Oil
Coal

API estimate (9,10)
Conservative estimate (11)

Table 6.
Efficiencies of Typical Chemical-Chemical Conversions
Process

Efficiency

Reference

Coal+Gas

64 (average)

(14,15)

Coal-*-0i 1

80

(16)

Oi KGas

90

(17)

Gas+LNG

80

(18)

Table 7.
Allocation of U.S. Chemical Energy Reserves
Ihemi cal
Energy
Form

Allocation, RA, %/Yr.
Conversion
Efficiency

Space
Heatinq

Transportation

Electricity

Gas

5.2

-

6.6

Oil

6.0

8.7

7.7

Coal

Enerqy Process

Coal-i-Heat

.50

.3

-

-

Coal+Elec+Heat

.39

.4

-

-

Coal+Gas+Heat

.32

.5

-

-

Coa 1-s-Oi1+Mech

.20

-

.5

-

Coal->-Elec->-Mech

.26

-

.4

-

.39

_

_

.4

CoaHElec
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percent and an allocation of .5 percent per year.
Obviously, there is little incentive to develop
coal gasification for providing the requirement
of space heating.
Our energy policy should clear
ly be directed toward provision of heating with
electricity generated from coal or nuclear energy.
This policy, of course, necessitates the solution
of the S02 stack gas problem.

of our petroleum would be consumed annually if
used to generate electricity, while only .4 per
cent of the coal would be used. Coal must be
allocated as the hydrocarbon fuel for electricity,
and gas and oil should be phased out for this
usage.
The conclusion of the above analysis is that, for
maximum efficiency and resource conservation, an
electrical energy economy should be pursued.
Electricity can be generated from coal, nuclear
or renewable energy sources; so few adjustments
are necessary as other energy sources are
developed. A total electric energy economy is

Transportation. The mechanical energy demand for
transportation in 1975 was 4.4 x 1015 BTU (input
reported at 17.6 x 1015 BTU).(2>13) Continued use
of oil for transportation will deplete our re
serves by about 9 percent per year. Conversion of
coal to oil would yield an overall transportation
efficiency of only 20 percent. However, genera
tion of electricity with coal and the use of a
battery-powered auto yields an efficiency of 26
percent with a coal allocation of .4 percent per
year. Clearly, an^energy policy should favor the
electric car and development of suitable batteries
should be pursued vigorously. Electric cars also
are environmentally desirable, since there is no
combustion or emissions. However, the environ
mental problems at the generating stations and
coal mines must be solved.

not possible without the development of new or
improved technology for storage batteries,
environmental protection and energy transmission.
The conclusion to pursue a coal electric economy
is based upon conversion efficiencies for some
emerging technologies, such as coal gasification,
which may be improved substantially. There is
good reason to expect substantial improvement in
the efficiency of electricity generation, with
the development of MHD or the use of power plant
waste heat for industrial and residential heating
requirements. At present, the energy wasted in
cooling water at power generation facilities
would supply the nation's space heating needs.
Thus, there is great potential for improving the
efficiency for electricity generation; and, this
is, perhaps, further incentive for developing an
electric energy economy.

There is a further incentive for development of
electricity as a means of transportation. The
load factor for the power industry is only 55
percent. If batteries for transportation can be
charged during off-peak periods, present generat
ing facilities would provide more than half the
transportation energy, and with an attendant
improvement in present economics.

Coal Reserves. An economy, totally dependent upon
coal as a source of energy, cannot endure indef
initely. Adding the allocations of coal for heat
ing, transportation and electricity in Table 7, it
is found that 1.2 percent of our coal would be
consumed annually. This allows only an 83 year
life of our coal reserves if all heating, trans
portation and electrical energy were supplied
from coal. However, this life should be adequate
for the full development of renewable energy
sources or the breeder reactor.

Electricity. The demand for electricity in 1975
will be about 6.1 x 10^3 BTU.^ Reviewing the
allocations of fuels for generating electricity
given in Table 7, it is seen that 7 to 8 percent
—

This comparison of heating with SNG and electric
ity has neglected the transportation aspects; how
ever, the results would be little altered since
the efficiencies of transporting gas and elec
tricity are about the same.
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Consider the achievement of energy sufficiency
utilizing gas and oil from coal, by 1985, about
the earliest date this technology will be avail
able. The shortage of natural gas will amount
15
to 8 x 10 BTU annually and the shortage of oil
is forecast as 43.8 x 1015 BTU annually.^
Should these shortages be made up by gas and oil
produced from coal, the availability of coal re
duces to about 40 years. So coal is certainly
not unlimited and this resource should be managed
wisely to insure its longevity.

more rapidly achieved than coal gasification or
solar energy storage.
Coal gasification and liquefication are inefficient
and offer no advantage over electricity generation
with coal. Petroleum should not be depended upon
as a source of energy and should be reserved for
petrochemicals.
For a twenty year horizon, several definite steps
toward an energy policy emerge as follows:
1. Reserve petroleum for chemicals. Phase out
use of petroleum for generation of electric
ity and heating.
2. Encourage generation of electricity with
coal, even at the expense of increased S02
emissions. Accelerate development of stack

Petrochemical Needs. Our society is heavily
dependent upon the petrochemicals derived from
oil and gas. Plastics, synthetic fertilizer,
pharmaceuticals and many hundreds of other
products come from oil and gas. While we have
alternative sources of energy, there are few
alternative sources of carbon for petrochemicals.
Oil and gas should no longer be used as a source
of energy, particularly not as a source of heat.

gas scrubbing and coal mining procedures.
Develop uses for waste heat at generating
stations.
3. Discourage coal gasification or liquefica
tion, except as a long range replacement
for petrochemical feedstocks.
4. Offer incentives for electrical space heat

The demand for chemical feedstocks is currently
(4)
about 10 percent of our total energy usage.'
If petroleum were reserved solely for petrochem
ical needs (and aircraft transport), the avail
ability of oil and gas could be lengthened to
only 45 years (based upon proven reserves), not
a particularly bright future. Each year of con
tinued use of petroleum for energy shortens the
time until alternative sources of chemical feed
stocks must be developed. Oil from shale and
tar sands (although more expensive) will un
doubtedly lengthen this horizon, but continued
hesitation to implement a policy of conservation

ing.
5. Accelerate development of advanced storage
batteries and fuel cells.
6. Develop efficient urban mass transit systems
based on electric power.
7. Continue development of renewable sources
of energy and implement their use as
economics permit.
Quite obviously, the transition from a petroleum
energy economy to a coal-electric economy could not
and should not be immediate nor complete. Time

will hasten the day of total depletion.

is required to replace refineries with power
plants, internal combustion engines with batteries,
gas furnaces with electric, etc. Some energy uses
of petroleum for energy, such as aviation, will
be necessary for many years. However, unless the
transition is begun soon, heavier dependence upon
imported energy and petrochemicals will result;
and energy sufficiency will be impossible in the
near future.

CONCLUSIONS
The most efficient use of our remaining chemical
energy resources can be achieved by development
of an electric energy economy. This transition
cannot be made immediately and without techno
logical advancement in electric cars and environ
mental protection at the generating stations and
coal mining facilities. However, this technology
and the attendant economic feasibility is perhaps
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INTRODUCTION

POLITICAL DECISIONS

This article is primarily about the
energy shortage and possible ways of
dealing with it. The article started
out to be a technical article for a
scientific or engineering journal.
However, as time went along and as the
article developed, it became obvious
that there is a need for a broad, accur
ate, "big picture" discussion of our
energy problem in a form which includes
legal and political considerations.

The decisions and policies relating
to energy will not be easy to make.
There are ample provisions in our Con
stitution for a wide range of action,
but most significant actions will re
quire new laws. Thus, major actions
will require the understanding and sup
port of the majority of the members of
|Congress which further requires under
standing and support of the American
people.

Our basic problem right now is that
petroleum products are being used faster
in the U.S. than we can produce them
from our own sources. Many of the other
Industrial nations have even more severe
problems in that their economies have
become dependent on oil and they do not
have significant amounts of petroleum
within their own borders.
The shortage
of petroleum also affects the under
developed countries in that they will
not have a cheap and available source of
energy to help them with their develop
ment.

There is some variation between
references, but the energy requirements
of the United States are being met
approximately as follows based on Refer
ence (1) :

Within the last 70 years, petroleum
has provided the world with cheap
energy.
It could be pumped out of the
ground, run through a fractional distil
lation tower (refinery) and it came out
as gasoline, kerosene, diesel fuel,
oils, ---- bunker- fuel and asphalt.
With a little more processing, petroleum
also gave us chemicals, fertilizers,
plastics, base materials for medicines,
etc. At the present rate of consumption,
all of the world's easily available
petroleum including that in the Middle
East will be gone in 30 - 40 years.
course, the supply will not run out on
any given day, but demand will exceed
supply somewhat as occurred in the U.S.
a few years ago. Children born now will
still be close to their prime of life.
Thus, the world will be forced to change
its habits concerning the use of energy.
Perhaps all of us should do a little
serious thinking now while plans and
decisions can be made at a more thought
ful pace. The purpose of this article
is to explore some of the options which
are currently available and to make
recommendations for the use of energy
sources other than petroleum and natural
gas. In summary, the article presents
the need for a National Energy Policy
designed to conserve petroleum and nat
ural gas.

Our supplies of coal are adequate for
at least a hundred years, but we are
already importing about 44»percent of
the petroleum (1976 data). Natural gas
is in short supply in many areas.
Clearly, the law of supply and demand
will soon operate to force changes in
the uses of energy. In the meantime,
the United States is becoming increas
ingly vulnerable to a possible oil em
bargo and/or to submarine warfare. The
political question is "Do we Americans
really want to do something about our
energy problems?" We must approach this
question with full realization that
there are no easy solutions.
In parti
cular, we must be prepared to support
political figures who will take signi
ficant (and probably unpopular) actions
to conserve petroleum and natural gas.

Source
Coal
Crude Oil
Natural Gas
Nuclear
Other (Hydroelectric, etc.)

Percent
18
46
30
2
4
100
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Figure 1 is based on References (1),
(2), and (3). In part, Figure 1 shows
that about 44 percent of our petroleum
is being imported and that roughly half
of the petroleum is being burned in
transportation related areas. If we
set the transportation sector aside as
a special requirement, natural gas then
becomes the largest single source of
energy. However, the primary point to
be noted in Figure 1 is that only 18
percent of our energy is being produced

from coal— the most available U.S.
source. The scarce fuels, crude oil
and natural yas, accounted for 76 per
cent, Thus, it is clear that our
National policy should call for the use
of coal to a much greater extent than
has been true in the recent past.

cide that we have a problem which re
quires a National Energy Policy with
teeth in it.
ENERGY RESOURCES OF THE
UNITED STATES

FIGURE 1
ENERGY USAGE IN THE U.S.

The literature now contains many
estimates of energy reserves, years of
supply at projected usage rates, pro
jections of gains in petroleum recovery
technology, etc. Naturally there are
significant differences in these esti
mates, but that is to be expected in
analyses in which human judgement and
assumptions must be employed. Figure 2
is taken from Reference (3) and it pro
vides a good perspective as to the avail
able energy from recoverable domestic
energy resources. Note that the amount
of energy is denoted by area. If we
think in terms of planning for this
country-'s energy supplies over the next
hundred years, our attention is natur
ally turned to the "breeder" reactor,
coal and possibly to oil shale. Oil
shale is of special interest for the
transportation sector since it yields
a product similar to petroleum.

The transportation sector deserves
special attention. This is a big
country.
it needs transportation be
cause various essential functions are
specialized in different parts of the
country. For example, wheat is grown
largely in the Midwest, but it is con
sumed over the whole country. Special
ization requires transportation and
transportation requires petroleum pro
ducts. This will be discussed in detail
later.

FIGURE 2
AVAILABLE ENERGY FROM RECOVERABLE
DOMESTIC ENERGY RESOURCES

Another basic facet of national pol
icy is involved when we consider whether
the Government or Private Industry
should have the lead in carrying out a
National Energy Policy. We need to
think deeply about this since some of
the most interesting new technical ap
proaches will require large scale Govern
ment funding. These new approaches can
not be expected to be profitable for
many years and they will result in major
Government owned facilities.

PETROLEUM
1,100

WATER
REACTORS

Reference (3)
(ERDA-48)

Figure 3 is an attempt to put the
"inexhaustible" energy sources in per
spective.
In this context, solar
energy stands out from all the others.
However, in order to keep solar energy
in perspective, it is instructive to
calculate the surface area required to
support a 1,000 megawatt electric plant
which would meet the electrical energy
requirements of about 1,000,000 people.
Over a 24 hour day, 1,000 megawatts
correspond to 24,000 megawatt-hours
|
which further corresponds to 81.9 x
109 British Thermal Units (BTU):

The decisions and policies will not
be easy to make. They will require
leadership, political courage, new legal
concepts and some degree of technology.
However, in the opinion of the authors,
technology does not present a major pro
blem as compared to the legal and poli
tical problems. Even now, technology
presents so many alternatives that it is
not easy to select the "best" ones -especially if the "best" solutions are
unpopular with some vocal segment of the
population. The real problem is to de
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PETROLEUM AND HYDROCARBON FUELS
FOR TRANSPORTATION

(24,000) (106) watt-hours =
(24.0 x 109 watt-hours) (3.413

w a t t - h o u r ')

= 81.9 x 109 BTU
FIGURE 3
ALTERNATE ENERGY SOURCES

EXTERNAL POWER SOURCE

APPROXIMATE
POWER POTENTIAL
[FRACTION (OR MULTIPLE)
OF WORLD REQUIREMENTS]

HYDROELECTRIC
TIDAL
WIND
SOLAR
GEOTHERMAL
• TAPPABLE HEAT FLOW
• TOTAL ENERGY BANK

1/20
1/100
100
30,000
1/100
100,000

St. Louis receives about 1,000 BTU/
FT2 of solar energy on a horizontal
surface on an average day in March.
If one assumes a highly optimistic over
all conversion efficiency of 10 percent
from the solar energy received to the
electrical output of the plant, there
is a surface area requirement of about
29.4 sq. miles:
81.9

x 109 BTU

(0 .10) (1 ,000)

81.9 x 10

If cost were no object, there could
be large scale conversion from one
form of energy to another. However,
cost is a consideration which tends to
restrict the number of feasible energy
conversions. Also, there is some basic
chemistry which virtually dictates that
hydrocarbon fuels be used for much of
the transportation sector.
In part,
Figure 4 is a tabulation of energy con
tent by weight for a number of suggest
ed fuels. If a vehicle designer needs
a fuel which is a liquid at normal
temperatures and pressures and which
has a high energy content by weight and/
or by volume, then there is no good sub
stitute for the type of hydrocarbons
which occur naturally in petroleum.
These considerations will tend to re
quire that trucks, buses, trains, and
ships be fueled by hydrocarbons for the
foreseeable future. These hydrocarbon
fuels can be either "natural" fuels from
petroleum and oil shale, or "synthetic"
fuels from the hydrogenation of coal.
FIGURE 4a
ALTERNATE FUELS
JP-4

H YDR O G EN

M ETH ANE

M E TH Y L
ALCO HO L

ch4

CH3OH

COMPOSITION
ch

D ENSITY
( l b / f t |3)
H E A T OF
V A P O R IZ A T IO N
(B TU /LB )

SQ. FT.

H E A T OF
COMBUSTION
(B T U /LB )

= (81.9 x 107) (2.296 x 10 5) =
18,804 ACRES

B T U /F T 3

=! (18.804 x 103) (1.562 x 10-3)=

.

1.94

h

2

ETHYL
ALC O H O L
ch

3c h 2o h

47

4.43

(50°F )

(—4 23 °F )

26.5
(—258 °F )

49.7
(50°F)

51
(50°F )

105 -

no

193

250

474

367

18,400

51,590

21,120

9,600

12,800

865,000

229,000

560,000

477,000

653,000

OCTANE

n - HEPTANE

FIGURE 4b
ALTERNATE FUELS

29.4 SQ. MILES
If all of this energy were collected
and focused by mirrors 10 feet by 10
feet, there would be over 8,000,000
mirrors!

AMMONIA GASOLINE
COMPOSITION

DENSITY
(LB/FT13)

When it is appreciated that elec
tricity represents only about 26 per
cent of our present energy consumption,
it becomes apparent that very large
areas would be required to collect
enough solar energy to meet our total
energy requirements. This remark is
not intended to detract from the poten
tial applications of solar energy, but
it helps to put our total energy re
quirements in perspective.
It is be
lieved that solar energy will find its
initial commercial applications in
space heating and in domestic water
heating.

HEAT OF
VAPORIZATION
(BTU/LB)
HEAT OF
COMBUSTION
(BTU/LB)
BTU/FT3

COAL
C (PRIMARILY)
BITUMINOUS

nh3

c h 2.5

42.6
(—28°F)

43
(50°F)

75-100

589

c 8h

18

c 7 h 16

-

44
(50°F)

42.7
(50°F)

71-116

-

132
(77°F)

157
(77°F)

8,000

19,300

** 14,100

19,030

« 19,200

341,000

830,000

1,130,000
APPROX.

837,000

820,000

APPROX.

With respect to automobiles, it is
possible to envision electric cars for
shopping, going a few miles to work,
delivery of mail, etc. However, liquid
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hydrocarbons will continue to be re
quired by the rancher who drives his
nine passenger station wagon 60 miles to
town at 55+ mph with his wife and child
ren for a weekly shopping trip. The
point here is that electric cars could
provide an alternative for some of the
chores which we perform with our auto
mobiles, but hydrocarbon fuels, natural
or synthetic, will continue to be re
quired in our automobiles for many years.

cent of the petroleum (as compared to
27 percent now).
FIGURE 5
PETROLEUM USAGE
USE

R E S ID E N T IA L A N D C O M M E R C IA L

2.

Developing the plant capacity to
meet a significant percentage of
our hydrocarbon fuel require
ments from hydrogenation (liquification) of coal and/or from
oil shale.

20
SUBTOTAL

29

SUBTOTAL

48

IN D U S T R IA L A N D N O N E N E R G Y

19

T R A N S P O R T A T IO N
A U T O M O B IL E S
A IR C R A F T
ALL O THER

27%
7%
18%

(T R U C K S , T R A IN S , T O W
B A R G E S , S H IP S , E T C )
SUBTOTAL

52%

52
TO TAL

Too

This line of logic would say that
the total demand for petroleum could be
cut by 29 percent if alternative fuels
were used for the generation of elec
tricity and for space heating. Of
course, the problem is complicated by
the fact that petroleum refineries
cannot switch completely from one pro
duct to another. For example, low
grade fuel oils are used to generate
electricity and not all of these low
grade fuel oils could be converted to
gasoline or Diesel fuel. Still, it
appears that existing technology would
permit us to reduce the total petroleum
consumption by something like 29 + 12 =
41 percent over the next 10 years by
doing three things:

Summarizing the above paragraphs
relating to transportation, it is ap
parent that there is no good substitute
for liquid hydrocarbons in trucks, buses,
trains and ships. With qualifications,
the same statement applies to automo
biles and aircraft. It follows that our
National Energy Policy should provide
for the following:
Conservation of the remaining
petroleum and "earmarking" it
for the transportation sector.

9

(M O S T L Y S P A C E H E A T IN G )

Several aircraft companies have
studied hydrogen fueled transport air
craft. There is no question that such
aircraft could be designed and built
although they would require relatively
large special tanks for liquid hydrogen.
However, since liquid hydrogen must be
"made", there is reason to believe that
it might be simpler and -cheaper to "make"
synthetic hydrocarbons (rather than
hydrogen) when we run out of natural
hydrocarbons from petroleum and/or
natural gas.

1.

PERCENTAGE

G E N E R A T E E L E C T R IC IT Y

1.

Switching from oil to coal or
nuclear power in the generation
of electricity.

Figure 5 shows the major areas which
consume petroleum. This petroleum
usage table shows that a total of 29
percent of the petroleum is being used
to generate electricity and for heating.
There are good alternatives for these
uses which will be discussed later.

2.

Switching from petroleum (fuel
oils) for space heating. We
would substitute gasified coal,
liquified coal, coal, electri
city through resistance ele
ments, electricity with heat
pumps, solar energy, waste
steam and even wood.

No good statistics are available to
determine the degree to which there
are alternatives for the Industrial
and Non-Energy uses. However, it is
noted that alternative fuels could be
substituted for about 29% of the pre
sent uses of petroleum products outside
of Transportation-probably more. If
the U.S. substituted the smaller Euro
pean style cars for its present full
size American automobiles over a period
of perhaps 10 years, it should be
possible to operate on perhaps 15 per-

3.

Going to European style cars.
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Based on these estimates, the poten
tial exists to reduce the consumption
of petroleum by perhaps 41 percent
without any new technology!
If we
promote petroleum conservation by var
ious means, the reduction might be
considerably greater than 41 percent!
The basic point here is that we do not
need to wait for new technology and
new sources of energy if we Americans
|can get together and make the neces

sary political decisions! In fact, we
must condition ourselves to avoid the
sirens who lure us away from hard poli
tical decisions with a promise that new
technology will solve all our problemiT

The oil supply for the NATO countries
involves still other factors which would
tend to increase the ASW burden. Further
discussion would be outside the scope of
this article except to note that there
are ASW aspects of our energy problem
which have not been adequately recognized in most "energy articles."

As a related issue, the United States
is now importing about 44 percent of its
petroleum. This makes us vulnerable to
oil embargo and restricts our options
even in time of "peace". In the event
of a war in Europe (which is the main
reason for NATO), it is probable that
the Soviet submarine force could largely
stop the flow of oil which Western Eur
ope needs to survive. Various sources
report that the entire stock of petrol
eum products in Europe would run out in
two months or less. Thus, our petrol
eum shortage is also a National Security
problem. The total consequences of sub
marine attacks on the oil tankers are
almost too horrible to contemplate.
While the subject is beyond the scope of
this article, we Americans must consider
the possibility of such submarine attacks
if we aspire to remain a Great Power.

Even if we do not consider the war
time aspects of being dependent on oil
from overseas, we must accept the fact
that we must pay for imported petroleum.
In 1975 this amounted to about $27 bil
lion, or $135 per person. The $27 bil
lion is roughly the same as the total
U.S. income from export of farm products.
In an earlier time, the U.S. was
self-sufficient in energy. The money
which we Americans then spent for gaso
line, fuel oil, etc., went into the
pockets of other Americans and contri
buted to our overall standard of living.
Now, a major share of this money goes
into the economies of other nations and,
to the degree that this factor affects
our total economy, we Americans will
have a lower collective standard of
living.

It is interesting to put our present
petroleum imports in perspective from .
an Antisubmarine Warfare (ASW) point of
view. The United States burns approxi
mately 16,000,000 barrels of petroleum
per day. Almost 7,000,000 barrels per
day are imported-mostly from overseas.
These 7,000,000 barrels per day corres
pond to roughly 1,100,000 long tons per
day. If we assume that an average oil
tanker brings in 50,000 tons, there is
a requirement for 21 such tankers to
make port each day.
(In this connection,
there are only a few of the super tankers
hauling oil to the U.S.)
If the "aver
age" tankers were sailed in 42 ship
convoys, there would be a convoy aqrrival
every other day. Those familiar with
ASW will appreciate the magnitude of the
ASW resources required to protect the
U.S. petroleum imports. At the present
time, a large percentage of the U.S.
imports come from Venezuela. This is a
relatively short passage. However, the
percentage of imports from the Middle
East is increasing. The route from the
Middle East involves the long voyage
around the Cape of Good Hope and would
require many more escort ships, convoys
at sea, etc. As a related subject, the
Alaskan pipeline will supply a maximum
of 2,000,000 barrels per day when the
pipeline is fully operational in 1980
(Reference (4)). The Alaskan crude oil
must then be moved by tanker from the
port of Valdez. Thus, the Alaskan pipe
line will not alleviate the necessity for
importing oil from foreign sources and
the threat of submarine warfare will
remain.

In summary, the present shortage
of petroleum in the U.S. casts serious
doubts on our ability to support our
NATO allies in time of war. The petrol
eum shortage also makes our economy
vulnerable to oil embargo. An oil em
bargo would have a drastic effect on
the essential transportation sector
since there is no good substitute for
hydrocarbon fuels in trucks, buses,
trains, ships, automobiles and even
aircraft.
All of these considerations point
to the necessity of conserving petrol
eum, "earmarking" the available petrol
eum supplies for transportation and
creating the plant capacity to make syn
thetic hydrocarbon fuel from coal and
oil shale.
ENERGY ALTERNATIVES
We have already examined our total
energy consumption and found that crude
oil and natural gas currently supply
about 76 percent of the total require
ment. Both of these fuels are in short
supply. Figure 6 shows the total energy
consumption by type of use. The most
important single observation is that
several "fuels" are being used to gen
erate electricity while petroleum is
providing essentially all of the
transportation.
Figure 7 is a tabulation of primary
and possible alternate sources of energy.
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FIGURE 6
TOTAL ENERGY CONSUMPTION
BY TYPE OF USE
PERCENT

MAJOR SOURCES

ELECTRICAL

26

COAL, NATURAL GAS,
OIL, NUCLEAR,
WATER POWER

TRANSPORTATION

24

PETROLEUM

OTHER INCLUDING
SPACE HEATING

50

NATURAL GAS, OIL

TYPE

2.

Individuals who have fuel oil
(and propane) systems to heat
their homes.

3.

Utilities (and the stockholders)
who have recently switched from
coal to oil and natural gas
under the pressure of environ
mental regulations. Also, all
of us who pay electric bills and
who will ultimately pay for con
verting back to coal and/or nu
clear energy for the generation
of electricity.

4.

Environmentalists who will pro
bably be opposed to burning coal
for heating and for generating
electricity.
(Especially high
sulphur coal).

5.

Environmentalists who oppose
nuclear power plants for fear of
radiation hazards.

6.

All of us who have grown accus
tomed to cheap convenient energy
from petroleum and natural gas.

j
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FIGURE 7
PRIMARY AND ALTERNATE ENERGY SOURCES
PRESENT
PRIMARY
SOURCES

ENERGY
AREA

POSSIBLE
ALTERNATE
SOURCES

ELECTRICAL
POWER

COAL, FUELOIL,
NATURAL GAS,
HYDROELECTRIC

NUCLEAR POWER, SOLAR ENERGY,
GEOTHERMAL ENERGY, WIND,
TIDES, OCEAN THERMALS

REFINING OF
METALS (REDUC
TION OF ORE)

COAL (COKE)

ELECTRICITY (AT ADDITIONAL
EXPENSE)

HEATING (HOMES,
SHOPS, OFFICES)

NATURAL GAS, FUELO IL,
ELECTRICITY

COAL, GASIFIED COAL. LIQUEFIED
COAL, WOOD, SOLAR ENERGY,
ELECTRICITY, ELECTRICITY WITH
HEAT PUMPS

TRANSPORTATION
(CARS, BUSES,
TRUCKS, TRAINS,
AIRCRAFT, SHIPS)

PETROLEUM PRODUCTS
(GASOLINE, DIESEL OILS,
JET FUELS, BUNKER FUEL)

SYNTHETIC PETROLEUM
PRODUCTS FROM COAL AND
OIL SHALE, HYDROGEN,
ELECTRICITY

The most important single observa
tion from Figure 7 is that we are using
fuel oil (a petroleum product) and nat
ural gas to generate electrical power
and for general heating of homes, shops
and offices. Fuel oil and natural gas
are scarce resources as well as being
valuable chemicals for the future.
Since there are several viable alterna
tive fuels for generating electricity
and for general heating, our National
Energy Policy should tend to restrict
the use of petroleum and natural gas in
heating and the generation of electri
city . Figure 7 also shows that petrol
eum products, or synthetic petroleum
products (hydrocarbons), are the only
suitable energy sources for much of the
transportation area. Thus, there is
logic in "earmarking" our dwindling
supplies of petroleum for the trans
portation sector.
At this point, we have arrived at
certain potential decisions which will
be unpopular and which involve well
defined individual groups of people:
1.

PERSONAL ASPECTS
Roughly 20 percent of energy pro
duced in the U.S. is consumed in resi
dential applications. In addition, most
residences support at least one automo
bile. Figure 8 shows the energy consump
tion of the author's home which is lo
cated in a suburb of St. Louis. The
home uses natural gas for space heating,
water heating, cooking and a gas light
in the yard.
(The author wants to turn
off the yard light, but his wife does
not. Therefore, the yard light is still
on!). The home has an electric clothes
dryer, an electric airconditioning sys
tem and the normal proliferation of
appliances and lights.
FIGURE 8
ENERGY CONSUMPTION BY TYPICAL FAMILY

Individuals who have gas furnaces
in their homes.
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It is apparent from Figure 8 that it
is the summer airconditioning load which
places the greatest demand on Union
Electric. It is also apparent that it
is the winter space heating requirement
which places the greatest demand on the
Laclede Gas Company. Union Electric
burns Illinois coal which is relatively
plentiful. Laclede Gas supplies natural
gas, with some propane added at times.
Natural gas is becoming a scarce fuel at least at the present controlled
price as related to inter-state supplies
of natural gas. However, from an econo
mic point of view and for space heating
applications, natural gas is the best
buy.
(Besides, the author's home al
ready has a gas furnace.)
Thus, the
author will probably continue to use
natural gas (a scarce natural resource)
until such time as one of the following
events occur:
1.

Natural gas (or synthetic gas) be
comes more expensive than elec
tricity as a method of heating.

2.

The government puts a major tax
on natural gas - or takes other
action to reduce its consumption
in private homes.

3.

Both electricity and gas become
so expensive that alternatives
such as the following become
attractive:
o

Solar heating - perhaps
backed up by a wood stove on
cold cloudy days.

o

A fuel oil system based on
synthetic fuel oil made from
coal or oil shale.

o

Electric heating using a "heat
pump" rather than through
resistance elements.

tic) in this individual portion of the
national transportation sector.
(The
author's wife just pointed out that a
Chevette owner might find it difficult
to form a ride club - or join an exist
ing one) .
NATIONAL ENERGY POLICY
The basic objectives of a National
Energy Policy must be the conservation
of petroleum, earmarking remaining
reserves for the transportation sector
and the creation of capacity to produce
synthetic petroleum from oil shale and
coal. Somewhat similar remarks could
be made for natural gas. The methods
for accomplishing these objectives are
open to debate. Most people would ag
ree that the market place should make
the fuel selection where there are com
petitive systems. For example, home
heating is a case where there are com
peting systems and it appears that it
might be well to leave some of the
choices to the individual homeowner.
It was observed in Figure 7 above
that there is no really good alternative
to petroleum products for transporta
tion. At least there are no alterna
tives which are immediately available.
There are a few minor exceptions in
that electricity is used on one or two
railroads.
In theory, we could go back
to coal burning steam locomotives for
the railroads, but it would probably
be easier to make synthetic "diesel
like" fuel from coal or oil shale and
continue to use diesel locomotives.
We could also use electric (battery
powered) cars and trucks for a few
applications where range is not import
ant (postal vehicles for example).
However, it is generally true that
there are few good alternatives to
petroleum products for our transporta
tion systems. There is a potential
alternative if we build large scale
plants to produce synthetic "petroleum
like" products from oil shale and/or
from coal. Germany had such plants
during World War II for coal gasifica
tion and liquification. The authors
believe that the U.S. must build sev
eral such plants. However, these plants
are not likely to be cost competitive
with imported oil-even at the present
oil prices. Somewhat similar remarks
can be made for "petroleum like" pro
ducts from oil shale-which the U.S. is
fortunate to have in large quantities.
The real purpose of such proposed syn
thetic oil plants will be to make us
less dependent on foreign oil. That
is, these synthetic oil plants will
need to be partially justified on Nation
al Security grounds. In short, we need

The main point in the previous para
graph is that there are several alter
natives for space heating. Thus, it may
be wise to let individuals make their
own choices in this area. It might also
be wise to restrict the use of scarce
fuels in space heating since there are
several alternatives.
Figure 8 also includes a curve of
the energy demand created by buying
1.000 gallons of gasoline over a year.
If used in an automobile which gives 12
miles per gallon, this corresponds to
12.000 miles per year. Some savings
could be made by buying a Chevette and/
or forming a ride club, but there is
no real alternative to gasoline (a
hydrocarbon fuel - natural or synthe
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petroleum and synthetic "petroleum like"
products for transportation, but there
is no easy painless way to get them.

serious limitations of the
present environmental restric
tions is that they place limits
on "parts per million" in the
automobile exhaust. This ap
proach continues to permit big
heavy cars with V-8 engines.
Better fuel economy and less
pollution would result if the
limits were in some form such
as "parts per million per mile."
Such a "per mile" restriction
would force the designers and
manufacturers toward smaller
cars and less total pollution.

For the moment, let.us assume that a
decision has been made for the U.S. to
build enough synthetic petroleum capa
city so that the U.S. is not at the
mercy of the OPEC (Organization of Pe
troleum Exporting Countries). Over the
long term, such capacity to produce
synthetic petroleum products might be
the very factor which will limit the
price of petroleum on the world market.
However, the coal liquification plants
will be expensive.
It seems probable
that they must be built by Government
funds-at least partially justified as
a means of protecting our economy from
dependence on foreign energy sources.
From this point of view, we should all
be interested in transportation systems
which can operate on a minimum of energy.
With this in mind, there are some inter
esting questions as to the degree which
the Government should try to control the
future nature of various vehicles in
the Nations transportation system. For
example, some of the following steps
might be legislated to improve the miles
per gallon of our automobiles and light
trucks:
1.

There might be arbitrary limits
on weight-or•weight per passenger
seat since fuel consumption is
almost directly proportional to
vehicle weight. However, a more
palatable method would probably
be a major tax on a weight basis.
Such action would permit a man to
own and drive a motor home if he
were willing to pay the tax. That
is, there should be economic pres
sure to restrict the weight of
the private vehicles as a means
of saving fuel, but not as a
means of prohibiting the manu
facture of particular models and
vehicles.

2.

Environmental restrictions might
be removed entirely on one line
of small cars. This would permit
the manufacturers to optimize one
line of cars and engines for
fuel efficiency.
(The engines
might be diesel rather than
gasoline.)
If necessary, be
cause of pollution or other
factors, this line of cars
could be restricted from some
areas such as the Los Angeles
basin. Such a specialized car
would provide a data point as
to the possible efficiency of
small well designed automobiles.
As a related issue, one of the

3.

Automatic transmissions mightbe phased out.
(The ladies
will take the authors to task,
but stick shifts really do pro
duce substantially better mpg.)
Actually the best way to handle
this subject would probably be
a heavy tax on automatic transmissions-enough to pay for the
fuel which these transmissions
waste during the normal life of
the car.

4.

A significant direct tax on
gasoline-the revenue to go to
public transportation systems
and/or to build coal liquification plants. This tax could take
many forms-with rebates for gaso
line used in driving to work,
etc. However, a direct, visible,
major federal tax on gasoline
would bring pressure on auto
mobile designers to improve the
miles per gallon and on all of
us to reduce pure pleasure driv
ing. It would also serve as
evidence of the seriosness of
our problems in energy sources
related to transportation.
It
is presumed that the revenue
would go to improve bus and other
public transportation systems
and/or to build facilities which
would reduce our dependence on
foreign oil.

The items listed above are primarily
concerned with automobiles and light •
trucks. Other vehicles such as private
pleasure boats, private aircraft, travel
trailers, heavy trucks, railroads, ships
and barges, introduce still other con
siderations. For example, it does not
make sense, nor would it be constitution
al, to outlaw private pleasure boats.
Still, they should all be designed as to
reduce their appetites for petroleum
products. Viewed in this light, the
direct tax on fuel appears to have much
merit as a means of bringing pressure to
design transportation vehicles with a
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view
This
coal
duce
less
eign

toward reducing fuel requirements.
tax would also help to pay for the
liquification plants which can pro
synthetic oils and make the country
vulnerable to interruption of for- l
petroleum sources.

Still another potential use of taxes
would be to have a gradually increasing
tax which would eventually stop the
burning of petroleum .and natural gas in
the generation of electricity.
Allocation and rationing would put
modest pressure on users to switch to
more available fuel. However, allocation
and rationing will not pay for new syn
thetic oil plants. Perhaps those of us
who burn scarce fuels should pay for the
creation of the synthetic oil plants.

3.

Large scale commitment to syn
thetic oil plants to insure the
needs of essential transpor
tation.

4.

Controls which will shift our
automobiles toward smaller
European type cars over a period
of perhaps 10 years.

5.

Creation of a public transpor
tation system so that many of
us will have an alternative to
automobiles.

6.

Conservation of petroleum and
natural gas so that there will
be some left for our childrenespecially as chemicals.

7.

Extensive research on solar
energy and the "breeder" re
actor .

8.

Research which will enable us
to accurately evaluate environ
mental effects associated with
energy systems.

SUMMARY
The authors have a conviction that
many "energy articles" have been too com
plicated for general policy development
and that the technology is already here
to solve most of our energy problems if
we can get together and make the neces
sary political decisions. This country
does not have an "energy shortage" as
such, it has a shortage of petroleum and
natural gas. It has plenty of coal, oil
shale, and nuclear materials-at least
for a hundred years or so. Solar energy
may soon take part of the load. What
we need to do is substitute plentiful
energy sources for scarce energy sources.
Specifically, we need to substitute coal
and nuclear power for natural gas and
petroleum. We already know how to do
that in heating and the generation of
electricity.

There are many methods by which these
things could be accomplished. The
authors believe that the methods should
include heavy taxes on natural gas and
petroleum products as the most realis
tic method to encourage the development
and use of alternate fuels, smaller
cars and better designs from a fuel
economy point of view. Tax rebates,
ration coupons, two price'systems, etc.
could be used to protect those unable
to pay for essential uses of petroleum
and natural gas. It is believed that
users of scarce forms of energy should
pay for the development of new sources.
Rationing and/or allocation will bring
some pressure to shift to more avail
able sources. However, taxes will pay
for new sources and shift to other fuels.
Presumably the revenue from taxes would
be used to help create a viable public
transportation system and/or to fund
our synthetic oil plants. As a Nation,
we will be forced to do these things in
perhaps 30 years when scarce fuels are
completely gone. That is, the market
place will eventually force changes and
conservation in the use of energy. Many,
if not most, of the necessary decisions
are political rather than technical.
With all of the things which need to be
done, we should have plenty of employ
ment. In fact, our ability to convert
to alternate forms of energy may be
limited more by available manpower (and
woman power) than by technology. This
country really does have a job to do.
We should "close ranks" and get at it.
What we need is a decision to get at
our energy problems.

It is difficult to substitute alter
nate fuels for petroleum in transporta
tion. Therefore, we need to conserve
our remaining petroleum products for
transportation. We must also build
large scale plants to turn coal and oil
shale into synthetic petroleum and
synthetic "gas". This needs to be done
from a National Security point of view
as well as to preserve petroleum and
natural gas for future generations.
The specific actions should include:
1.

Substitution of coal and nuclear
power for petroleum and/or
natural gas in the generation
of electricity.

2.

Substitution of electricity,
coal, gasified coal, liquified
coal, and even wood, for heat
ing whenever and wherever pos
sible.
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CONCLUSIONS
1.

There is no good alternative to
petroleum (or synthetic petroleum)
for most of the Transportation Indus
try .

2.

The solutions are more political
than technical since viable alter
natives already exist.

3.
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Decisions are required if America
is to become independent of foreign
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Abstract
This paper points out the importance of obtaining accurate estimates of short and long
range energy needs fo r effective planning. Among the forecasting methods discussed
are time series analysis, causal methods, and qualitative methods. Each method is
further classified according to its form s and analyzed with respect to its applicability
to energy related quantities. Included among the qualitative approaches is the Delphi
method which is proposed fo r energy forecasting to aid in formulating a dynamic national
energy policy. A fter a brief illustration of the essential features of the Delphi process,
its possible use in formulating a national energy policy is explained. Its suitability to
predict the effects of various policy decisions on energy related matters and to gain in
sights that may not be available through the use of conventional techniques is empha
sized.
1. INTRODUCTION
The abundant energy, which is stored in the natural

and to other energy resources and uses.

fossil fuels of the earth, has made possible the numer

the fact that their distribution over the world is uneven

ous machines that have freed man from the slavery of

and varied in useage, and the problem becomes even

physical toil.

more eompUcated.

During the industrial revolution man

Add to this

The most dramatic example of the

developed a capability not only to manufacture m ater

world predicament concerning these conditions was

ials and goods in massive quantities, but he learned

brought home to a ll Americans during the aftermath of

also to control and release the stored energy contained

the Arab oil embargo of 1973-74.

In fossil fuels and to put the machines to use in various
ways.

This event led the United States to consider ways to

Now, a little more than a century after the

eliminate its dependency on foreign oil, and "Project

completion of the firs t successful commerical oil w ell,

Independence - 1980" was initiated.

only 1% of Am erica's physical labor Is attributable to

Today, the con

cept of total energy self-sufficiency appears to be

muscle power. The rest is attributed to machines

Interpreted in a different light.

operated by the energy released from the fossil fuels

According to the " P r o 

ject Independence" report, energy Independence Is a

stored in the earth's crust.

"situation in which the United States, does Import to

These fuels are finite in supply and w ill be depleted

meet some of its energy requirements but only to a

sooner or later depending on man's ability to design

point of acceptable political and economic vulnerabil

and shape his future with regard to their finiteness

ity. "(1) The definition of what is acceptable now and
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in the future remains to be resolved, and the estimates

"The problem of searching fo r an optimum can be com

of the future value of a multitude of variables w ill in

pared to that of finding the peak of a mountain. A better

fluence the degree of acceptability.

analogy.............is finding the peak of a range of moun
tains in multidimensional space, of nearly equal height

Thus it is natural that the literature on energy contains

on a foggy day, under conditions where landslides and
a large number of predictions and forecasts that have
earthquakes keep shifting the terrain. "
led to the following important questions posed by the
This rather graphic quote also serves to describe the

Federal Energy Administration in its 1976 National

problem of energy forecasting.

It is clear that the

Energy Outlook: Executive Summary that need reliable
total energy consumption in the United States and in
answers.

other industrial countries of the world is increasing

(1) What are the roots of our energy problem ?

each year at a dramatic rate.

(2) How did we become so vulnerable to oil

fo r example, that the United States would consume

It was estimated in 1971,

more energy between then and the year 2001 than in its
imports ?
entire previous history (3).

There is no reason now,

(3) How much energy w ill the Nation consume ?

five years later, to doubt this estimate.

(4) How w ill the Nation meet its growing energy

The people of underdeveloped nations see industriali
zation and its concomitant increase in energy consump

demands by 1985?

tion as a gateway to a better life.

Consumption of

(5) How much energy can be saved?
energy on the 1971 base by the year 2001 w ill have
(6) What w ill oil imports be by 1985 ?

doubled in the United States but w ill probably have

(7) Where w ill new oil supplies come from ?

tripled in the world.

(8) How do reserves affect domestic production?

Not all agree, however, that energy consumption can
continue to increase indefinitely. Watts and Hrubecky

(9) W ill natural gas production continue to decline ?

(4), fo r example, argue that there are inherent limits
(10) Where w ill new coal production come from ?

to such growth which if exceeded w ill result in disas-

(11) What w ill be the sources of electricity in the

terous climactic changes on a global scale.

Forecasts on total energy demand will continue to be

future?

sought. The problem is, however, compounded by the
(12) How much can new technologies contribute?

observation that an increasing concern with various
(13) How much w ill energy supply investment cost?

components of the total energy problem is apparent.

The outlook provides some answers to these questions,

The demand for energy has been met from many

yet the complexity of the problem is such that most

sources; coal, oil, natural gas, nuclear fission, and

answers can be changed drastically by using a different

hydroelectric power are the most common.

set of assumptions, which may be equally feasible, as

mal energy is sometimes used to supplement the more

a basis fo r prediction.

traditional form s in geographic areas having adequate

2. COM PLEXITY OF THE FORECASTING PROBLEM

steam fields.

Solar energy has attracted attention as

has the use of trash as a power source (5).

Emshoff and Sisson (2) in discussing another problem

Geother

More

exotic sources include power plants, which use the

drew the following analogy:

energy inherent in ocean tides, solar sea plants,
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which use the temperature differential between the

It should be noted that events in the near future tend, in

ocean's surface and deeper layers (6), and microwave

general, to be more fixed, i. e . , more difficult to

energy beamed to earth from satelite power stations

change.

in space (7).

greatest clarity.

Magnetohydrodynamics and nuclear

fusion are two additional sources of energy.

A ll of

Yet it is these events that are seen with the
The more distant ones are capable of

the most change and are seen with the greatest uncer

these newer potentially commerical sources await

tainty.

either technological and/or economic breakthroughs to

Ackoff (10) argues that those who benefit from future

make them competitive with the ones currently used.

conditions are those who participate in their creation.

The risks and benefits in the field of energy cannot be

The entire array of questions-decisions-judgments

forecast on a purely technological basis.

associated with energy seems to emphasize the impor

The current

controversy concerning nuclear energy and the prob

tance o f this observation as few other examples can.

lems associated with its affect on the environment

It w ill be argued in what follows that forecasting in the

through waste product disposal and resulting potential
health o r life hazards illustrates this w ell.

energy field requires methods that are more complex

Human

than those normally employed, because such techniques

values and a subjective evaluation of the risk levels

when used individually are Inadequate although they may

have taken on greater weight in the decisions that are

present some valuable insights.

made in the energy field.
When viewing any aspect of reality, a forecaster faces
Forecasting may be of two types: one may regard the

an infinite amount of data, which he must filter or con

future in a passive sense, i . e . , attempt to "predict"

dense in some manner to make them tractable.

the values of some relevant variable o r variables at

does this by applying a model, which is a finite repre

some future time, or one may be involved in planning.

sentation of some aspect of reality.

In the latter context, one regards the future in a more

way, planning and prediction interact.

The model accepts data as input and provides informa

In this

tion to the forecaster as output. The model imposes

Rothstein (8)

order and pattern on an otherwise disorganized mass

expresses this idea as follows:

of data.

"What we want the future to be and what the future w ill

problem to be solved.

determine our future any more than we can predict it

He also makes assumptions as

to whether only some variables are relevant, the inter

But we can influence it, we can narrow the

actions between these variables are negligible, or all

range of uncertainty, and we can expose and analyze

other factors remain constant or zero.

the model of the future we carry in our heads."

By the very

nature of these assumptions, erro r exists in the infor

It is frequently the purpose of a plan to affect a fo re 
cast.

The forecaster determines what is relevant

and irrelevant and thereby imposes a structure on the

actually be are not entirely unrelated. We cannot

precisely.

The model ab

stracts from the infinite amount o f data a finite subset.

active sense, i . e . , attempts to "affect" the value of
some variable or variables at a future tim e.

He

mation, because many variables are ignored.

A forecast, in turn, may be either self-fulfilling

Error

is the price that the forecaster must pay in order to

or self-defeating.

reduce the problem to manageable proportions.

If the

Drucker (9) points out that planning involves a deli

model is a reasonable one, his assumptions do not

berate acceptance of new risk, but that the possibility

cause the erro r to be too great.

of encountering this risk is less in the long run than

e rro r is that the data may not contain just one inter

accepting one associated with future surprises.

pretation, i. e . , the information obtained by the fo re
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Another cause for

caster from different models may be different and even

remain even when the regression equation "fits " the da

contradictory if a different subset of data is extracted

ta w ell.

from each model. Wilensky (11) observed that all too

tion.

often "information" is useless, poorly integrated, or

ables are correlated among themselves.

lost in the system.

sult in large standard errors of the estimated b coeffi

the conclusions obtained from multiple models.

This w ill re 

Autocorrelation means that the erro r term s are

correlated.

It is

Coefficients calculated under conditions of

autocorrelation w ill not have minimum variance.

the summation and the resulting conclusion of the in

Un

fortunately, autocorrelation and multicollinearity are

formation obtained from the application of various
models.

Multicollinearity exists if the independent va ri

cients.

Intelligence is the integration or meshing together of

These are multicollinearity and autocorrela

"facts of life " and probably saturate the rather complex

The reconciliation of what may be conflicting

information is inherent in the nature of intelligence.

area of energy forecasting.

It

is the outcome of a process oriented around obtaining

Polynomical regression has been used where linearity

the best interpretation possible from all information

of the data relationship is not a reasonable assumption.

sources.

As an example, quadratic regression fits a quadratic
curve to the data in accordance with the least squares

Forecasting energy requirements on a national basis

criterion.

is a complex, value-filled effort that involves both
quantitative and qualitative aspects.

It requires the

In the Tim e Series Analysis technique (13), an attempt

production of Intelligence fo r an effective approach.

is made to distinguish the underlying components that
make up the movement or variation in a series of data.

3. FORECASTING TECHNIQUES

This technique is particularly useful when the data are
Many techniques have traditionally been applied to
forecasting.

suspected of possessing a seasonal effect.

Those most commonly used are discussed

In general,

four factors are defined: trend, cyclical, seasonal,

below.

and random. The trend factor, as the long run p ro

In the Regression technique (12), attempts are made to

jection of the series, is frequently calculated by r e 

estimate a value fo r a dependent variable when multi- '

gression.

pie values for a set of independent variables are given.

covers several years. The seasonal factor is also a

A curve is fitted to the observed data in such a way as

wave pattern but of greater frequency (usually one

to minimize the sum of the deviations of the dependent

year).

variable around the regression line squared.

unexplained in the data series.

Linear

The cyclical factor is a wave pattern that

The random factor is the remaining variation
The factors are com

regression is the model usually used, and estimates

bined in either an additive or a multiplicative manner

are made of the b coefficients in the following equation:1
2

and used to forecast future values of the series.

Box

and Jenkins (14) offer a methodology fo r adaptive
1 1 2

2

n n

v

'

forecasting if the underlying process in a time series

A standard statistical "t" test may be used to test

changes.

whether or not each b is significantly different from
Spectral Analysis (15) is used as a more generalized

zero.

approach to Tim e Series Analysis. With this techni
A fter the independent variables (clearly involving

que, an attempt is made to decompose a time series

assumptions, such as relevance and measurability)

into a series of frequency components. It is assumed

have been selected, two continuing sources of error

that a large number of component cycles with different
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frequencies have combined to form the data series.

either to ignore those elements of a forecast that can

The method results in the calculation of a set of sine

not be easily quantified or to assume away those fac

waves which combine to form the underlying pattern of

tors which cannot be conveniently fitted into a model.

a time series.

Frequently it is the nonquantifiable o r the intangible

Various smoothing techniques (13) have been used.

factor that spells the difference between success and

The

failure in a forecast.

two most common types are Moving Averages and Ex
ponential Smoothing. These methods are nonstatistical
in nature.

oneself in an Invisible rut of his own making. De-

Moving averages project as a forecast value

Jouvenal (17) emphasizes this point:

fo r a variable at a future time the average value that

.w e think certain aspects of the future are known,

that variable has assumed over the most recent periods.

because we rely on dikes' built to contain its uncer

As the number of periods used in the average increases,

tainty.

the smoothing affect in the forecast becomes more pro
nounced.

But the more we trust these 'dikes', the less

they provoke our curiosity.

At the same time, the responsiveness to

And when people speak

about knowledge of the future they are not usually con

current changes in the data is weakened. With expo

cerned with the aspects they believe to be trustworthy:

nential smoothing techniques, all data are used,

what they would like to guess is the novelty ahead."

but decreasing weight is applied to older data. Again

One additional approach used in forecasting is prim ar

there is a tradeoff between smoothing and responsive
ness.

Deutsch (16) cautions against

the tendency to overdiscount the future and to imprison

ily oriented around qualitative data.

These techniques tend to be most applicable to

This is the use of

scenarios, i . e . , narratives, logically deduced descrip

relatively short range forecasts and are not suited to

tions of a future state, given some assumptions.

many energy forecasting applications.

The

Ford Foundation's Energy Policy Project (18) used
The S Curve approach is a more quantitative metho
dology.

three such scenarios to forecast the energy future for

An S curve shows a slow growth period, which

builds into a more rapid growth.

the United States: historical growth, technical fix,

The rate of growth

increases to a point and then begins to decrease.

and zero energy growth.

This

in broad terms a range of possible futures that are

results eventually in either a zero growth or an approx
imately zero level.

Such scenarios tend to show

available on the basis of assumptions o r decisions

This growth pattern appears to fit

made in the present.

intuitively many areas that depend on technological
4. THE DELPHI TECHNIQUE AS A
FORECASTING TOOL

improvement, which eventually approaches some upper
bound.

In addition to the S curve, exponential and

logarithmic curves have been used in forecasting.

The Delphi technique is of relatively recent origin and

The

is named after the Grecian oracle because of its early

difficulty in applying any of these curves lies in the

application to forecasting.

choice of the curve itself and in the positioning of the
most current data on the curve.

It was developed within the

Rand Corporation and was firs t used experimentally to

Expert opinion is

predict horse race results in 1948. (19) It has since

usually used for making these judgments.

been used fo r a number of purposes by the Rand Cor
Management science and statistical models provide

poration and in various universities.

insights into and approaches fo r determining a fo re

For example,

it has been applied to problems of defense, economics,

cast. As such, they can be powerful tools in the hands

and investigations oriented toward the future.

of a decision make, but they can also give an illusion
of rigor and comprehensiveness.

The Delphi method is designed to obtain the best use of

There is a tendency
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all information available to a group of experts whose

eliminating the influence of coercion, by reducing the

knowledge and opinions on a given subject are valued.

"bandwagon effect of majority opinion, and by alleviat

The method seeks to obtain the most informed judge

ing the tendency to hold to publicy expressed views.

ment of these experts.

addition Delphi provides communications channels that
are relatively free of factors that are emotional or

The method relies on an iterative process to formulate

based on organizational heirarchy.

information on a particular question o r questions by
obtaining responses from the participants.

In

One aerospace company has been experimenting with a

In addition

to the basic response, the participants are required to

Delphi-based method (Relative Magnitude Estimating)

justify or to support their responses.

to cost estimate new products.

The participants

In this adaptation, the

are thus required to give their best answers to the

participants are not asked to estimate the cost of an

question under study, and each has to "present his

item of hardware directly.

case".

estimate the percentage of cost of the item in relation

A fter all the participants have responded,

They are asked only to

anonymous feedback on the results of the round is pro

to its next higher assembly.

vided to all of them.

an item in the product has been established, a cost

strained.

The feedback is usually con

A fter the percentage for

estimate of that item allows the cost of the entire p ro

Most frequently, data from the responses are

presented in a statistical fashion in the form of the

duct to be extrapolated. (22)

median or mode or upper and lower quartiles or de

The Delphi method has been applied to two large scale

ciles. The supporting arguments may be presented

industrial forecasts by DuPont's Elastomer Chemicals

completely, in summation, or fo r the extreme view

Department. (23) The first, devoted to the rubber

points only.

processing industry, was initiated in 1970 and com

A fter the results of the first round are reviewed, the

pleted the following year.

participants repeat the procedure fo r a second round.

concerned with the future of the adhesive industry that

The cycle is usually repeated until consensus on the

lasted from 1973-75. The Department's findings

question is achieved or until alternative positions on

support the conclusion that the value of a Delphi fo re

the question have been defined.

cast does not lie simply in identifying a future state

Helmer cites cases of

The more recent study is

failure to gain consensus (20):

but rather in the ability of forward looking decision

" . . . . .the Delphi technique would have served the pur

makers to use the results to identify actions that should

pose of crystallizing the reasoning process that led to

be taken in an area so diverse, large, and complicated

the positions which w ere taken and thus would have

as the use of energy.

helped to clarify the issues even in the absence of a

The report on "Synthetic Fuels from Coal" prepared

group consensus."

by the Interagency Task Force on this topic and inclu

As a result of the inherent interaction of the method,

ded in the Project Independence blueprint includes

insights are gained that would otherwise be ignored.

many estimates of future values on synthetic fuel pro

Galbraith suggests that "group decision-making has its

duction under two scenarios.

special competence within fam iliar boundaries or para

costs and estimates of capital investments under the

meters and is peculiarly incapable of breaking out of

"business-as-usual" and "accelerated" scenarios were

them". (21) Delphi is an organized approach to over

derived by Delphi methods applied by Department of

coming this frequently fatal flaw . The anonymity of

Interior Office of Research and Development, Office

the responses promotes independent viewpoints by

of Coal Research and Bureau of Mines personnel, and
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The range of relevant

the Commerce Technical Advisory Board. (24) The

6. Lavi, A. andC. Zener, "Plumbing the Ocean

analyses determined fo r a representative process fo r

Depths: A New Source of Power, " IEEE Spectrum,

each type of fuel the plant investment, input resources,

Vol. 10, October 1973, pp. 22-27.

and construction requirements in materials and labor.

7. Agosto, W. N . , "Microwave Power: A Far-Out

They also estimated the research and development re 

System ," IEEE Spectrum, Vol. 13, No. 5, May

quirements fo r commercial scale production by using

1976, pp. 48-50.

advanced technology processes.
8. Rothstein, R. L . , Planning, Prediction and PolicyOne must conclude from the above that in forecasting

Making In Foreign Affairs: Theory and Practice,

quantities related to energy one faces an area of great

Boston: Little, Brown & C o ., 1972, p. 188.

complexity and potential change. The various models
9. Drucker, P. F . , "The Big Power of Little Ideas,"

available fo r forecasting provide some insight into the
future, but each posesses limitations.

Rarvard Business Review, Vol. 42, May 1964, pp.

Knowing this,

6-19, 180-182.

the forecaster must somehow integrate all of the infor
mation that is available to everyone in a position to

10. Ackoff, R. L . , A Concept of Corporate Planning,

know. It is this aspect of the energy forecasting prob
lem that makes the Delphi method especially suitable
fo r the task.

New York: W iley-Interscience, 1969, p. 56.
11. Wilensky, B. L . , Organizational Intelligence, New

Obviously, a Delphi forecast has no

"energy" in itself.

York: Basic Books, 1967, P. vii.

Only the decisions and policy im 

plementations can cause change.

This is perhaps one

12. Goldberger, A. S ., Econometric Theory. New York:
John W iley & Sons, 1964.

reason why the technique produces forecasts that may
be self-fulfilling, because it orients policy makers
toward the future.

13. Brown, R. G ., Smoothing, Forecasting and P re 

Such a future once described may be

diction of Discrete Tim e Series, Englewood Cliffs,

easier to obtain by applying the Nation's creative

N. J . ; Prentice Ball, 1962.

resources toward achievement.

14. Box, G. E. P. and G. M. Jenkins, Tim e Series
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ECONOMIC AN ALYSIS O F WIND G ENERA TIO N
•AND ENERGY STORAGE FOR ELE C T R IC U T IL IT Y SYSTEM S
B, W. J o n es and P. M. M o retti
O klahom a S tate U n iv e r sity
S tillw a te r , O klahom a

A b stra c t
If w ind g e n era to r s a r e b ein g ev alu ated a s p art of a la r g e r e le c tr ic u tility
g e n era tio n sy s te m , the ec o n o m ic a n a ly sis should c o n sid e r a ll of th eir e ffe c ts
upon the m a k e -u p and o p era tio n of the r e s t of the s y s te m . T he in trod u ction of
w ind g e n e r a to r s ch a n ges the c h a r a c te r is tic s of the e ffe c tiv e load se e n by the
r e s t of the s y s te m and co n seq u en tly sh ifts the op tim a l m ix of b a se , sw in gin g,
and peaking ca p a city and th eir op era tio n . S to ra g e s y s te m s u sed in con ju n ction
w ith w ind g e n e r a to r s m u st a ls o b e ev alu ated . T he sto r a g e can a lso be e v a lu a 
ted by d eterm in in g its e ffe c t upon load c h a r a c te r is tic s . It is show n that the
sto ra g e ev a lu a tio n and w ind g en era tio n ev alu ation can be sep a r a ted in m o st
ca ses.
1. INTRODUCTION

E n erg y sto r a g e is often p ro p o sed to be u sed in
con ju n ction w ith w ind g e n e r a to r s in o r d er to p r o 
vid e the a b ility to sch ed u le w ind g en era to r output
in the sa m e m a n n er a s oth er pow er p la n ts. The
co n sid e r a tio n of a sto ra g e d e v ic e adds to the c o m 
p lex ity of the ec o n o m ic ev alu ation of the w ind
g e n era tio n p lan t. H ow ever, it is show n that the
ev a lu a tio n o f the en erg y sto ra g e can b e sep arated
from the ev a lu a tio n for the w ind g e n e r a to r s in
m o st c a s e s . T h is a llo w s tra d itio n a l m eth od s for
ev alu atin g e n e r g y sto ra g e not a s s o c ia te d w ith w ind
g e n era tio n to b e u sed to ev a lu a te sto r a g e for wind
g e n era tio n s y s te m s .

T he ev a lu a tio n o f a w ind g e n era tio n s y s te m w h ich
is d e sig n e d to be p art of a la r g e r g e n e r a tio n s y s 
tem for an e le c tr ic u tility r e q u ir e s not only an
a s s e s s m e n t of the p er fo rm a n c e of the w ind g e n 
er a tio n s y s te m but a lso an a s s e s s m e n t of its
in te r a c tio n w ith oth er g e n era tio n f a c ilit ie s and
its im p a c t upon th eir op era tio n . W hen th is
ap p roach is ap p lied to w ind g e n e r a to r s w h ich do
not u tiliz e sto r a g e but dum p th eir output d ir e c tly
in to the e le c tr ic u tility grid , u n exp ected im p a cts
on c a p a c ity m ix and fu el u se a r e found. T he to 
tal retu rn for the w ind g e n e r a to r s is a ls o found
to b e g r e a te r than w ith tra d itio n a l ev a lu a tio n
m eth o d s.
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g e n e r a to r s. The r e s u lts are show n in F ig u r e 2.
T he co n trib u tion of the w ind g e n e r a to r s is se e n
to u n iform ly lo w er the cu rv e ex cep t in the reg io n
of the peak load w h ere the red u ction is fa ir ly
sm a ll.

2. WIND G ENERA TO R EVALUATION
WITHOUT STORAGE
W hen no en ergy sto ra g e is in clu d ed a s a p art of
a w ind g en era tio n s y s te m , the output is dum ped
d ir e c tly into the u tility 's grid . T h is output is
random and d o es not n e c e s s a r ily follo w the load.
B e c a u se of the random n atu re, the ec o n o m ic s of
w ind g e n era to r s w ithou t sto ra g e a re u su ally
b a sed on the in cr e m e n ta l c o st of the g en era tio n
w h ich w ould o th er w ise be u sed to f ill that p ortio n
of the load. T h is approach tends to u n d e r e s ti
m ate the retu rn for such a w ind g en era tio n
s y s te m and m ay in c o r r e c tly a s s e s s its o v e r a ll
im p act.
T he c o st to build and o p era te an e le c tr ic g e n e r a 
tion sy ste m is sig n ifica n tly a ffected by the
c h a r a c te r is tic s o f the load it m u st s e r v e . T he
ch a ra c te r of the load can be su m m a riz ed in a
co n ven tion a l load d u ration cu r v e a s show n in
F ig u re 1. By d ir e c tly dum ping the output of the
w ind g e n e r a to r s into the g rid , the e ffe c tiv e load
w h ich m u st be se r v e d by the r e s t of the g e n e r a 
tion s y ste m is red u ced w h en ever the w ind is
b low in g. T he c o s t of serv in g th is new load as
co m p ared to the c o s t of se r v in g the load w ithou t
the w ind g e n e r a to r s is then the b a s is of e v a lu a 
ting the ec o n o m ic s of the w ind g e n era tio n sy stem .
H ou rly load and w ind data for an Oklahoma utility
w e r e u sed to a s s e s s the im p act o f a w ind g e n e r a 
tion s y ste m on the load. T he w ind g e n era to r s
w e r e a ssu m ed to have a m axim u m output equal
to 10% of the peak e le c tr ic u tility s y s te m d e 
m and, w ith th is output b ein g attain ed in w in ds of
20 m ph and above. In w in ds b elo w 7 m ph, they
w e r e a ssu m ed to be in o p era tiv e. B etw een th ese
p oin ts the output w a s p ro p ortion a l to the cube of
the w ind v e lo c ity .
L oad d u ration c u r v e s w e r e c a lcu la ted from the
h ou rly data both w ith and w ithout the w ind
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In o rd er to d e te r m in e the effe c t of th is ch an ge in
the load on e le c tr ic u tility c o s ts , the c o st p a r a 
m e te r s of the co n v en tio n a l g en era tio n sy ste m
m u st be known. T he in v e stm e n t and fu el c o st
show n in T ab le I for n u c lea r, c o a l, and o il fired
gas turbine ca p a city w e r e u sed for the p u rp ose of
th is ex a m p le. U sin g th e s e fix ed and v a r ia b le
c o s ts , a sim p le optim um ca p a city m ix can be
ca lcu la ted . T he to ta l c o s t of e le c tr ic ity g e n e r a 
ted by a given ca p a city is d eterm in ed by:
TC = VC + F C /U
w h ere:
TC is the total c o s t p er kwh
VC is the v a r ia b le c o s t of op era tio n ,
FC is the y e a r ly fix ed c o s t, and
U is the num ber o f hours p er y e a r for w h ich
the ca p a city is u tiliz e d .
T he cu r v e s d e s c r ib e d by th is equ ation a re c o m 
p ared for ea ch o f the th ree ca p a city typ es in
F ig u r e 3. T he lo a d s o f a given d u ration a r e
then b e st fille d w ith the type of ca p a city w ith
the lo w est total c o s t for that am ount of
u tiliza tio n . In th is ex a m p le, lo a d s la stin g le s s
than 3460 h o u r s/y e a r a r e b e s t fille d w ith the
o il fired g as tu rb in es; lo a d s la stin g b etw een
3460 and 7490 h o u r s /y e a r a r e b e s t fille d w ith
the c o a l ca p a city , and load s la stin g m o r e than
7490 h o u r s/y e a r a r e b e s t fille d w ith the n u clear
ca p a city .
T h e se r e su lts w e r e then a p p lied to the load
d uration c u r v e s w ith and w ithou t the w ind g e n e r 
a to rs to d eterm in e the optim um ca p a city m ix.
T he c o st to b u ild and o p e ra te the g en era tio n
fa c ilit ie s in ea ch c a s e w a s then ca lcu la ted ,

T he r e s u lts a r e su m m a riz ed in T a b les 2 & 3.
T he w in d g e n e r a to r s w e r e a ls o ev alu ated in the
tra d itio n a l w ay u sin g the in c r e m e n ta l c o st of
the en e rg y rep la ced . T h is in fo rm a tio n is show n
| in T a b le 4 for co m p a riso n .

If the sto ra g e d o es not a ffect w ind g en era to r
o p era tio n , the only w ay it can im p ro v e the wind
g e n era tio n sy ste m e c o n o m ic s is to allow the
output of the w ind g e n e r a to r s to b e u sed in a
m an n er so as to fu rth er d e c r e a s e the c o sts for
the r e s t of the g e n era tio n sy ste m . T h is can be
done by sto rin g the output during p er io d s of low
in cr em en ta l g en era tio n c o st and g en era tin g from
sto ra g e during p er io d s of high in cr em en ta l co st.
It can a lso b e done by g en era tin g from sto ra g e
during p erio d s o f peak dem and so as to red u ce
o v e r a ll ca p acity re q u ire m e n ts. T h e se two ob 
je c tiv e s g en era lly c o in c id e as in cr em en ta l c o st
is high w hen the peak load s a r e b ein g supplied.

T h e tra d itio n a l approach is s e e n to sig n ifica n tly
u n d e r e stim a te the retu rn for the w ind g en era to rs.
In ad d ition , the im p act upon fu el u se and ca p a 
c ity m ix is c o n sid e ra b ly d iffere n t. T he w ind
g e n e r a to r s a r e se e n to c a u se a r e la tiv e sh ift
I fro m b a s e load ed ca p a city to peaking ca p a city .
’ T h e r e s u lt is little sa v in g s in v a r ia b le op eration
c o s t but a fa ir ly la r g e sa v in g s in fix ed c o sts .
T h is r e s u lt is the o p p o site o f w hat is u su ally
c o n sid e r e d to b e the c a s e .

J u st as it w ould be e c o n o m ic a l to u se wind
g e n era to r output ev en w hen the sto ra g e is fu ll,
it is a ls o eco n o m ica l to f ill the sto ra g e unit
during p erio d s of low in cr em en ta l g en era tio n
c o s t ev en if the w ind is not b low in g, as this
e n e rg y put into sto ra g e can b e taken b ack out
w hen in cr em en ta l c o st is h igh er. T h u s, it is
s e e n that the sto ra g e unit w ould be ch arged
w h en ev er in crem en ted c o s t w a s low and it w ould
be d isch a r g ed w h en ev er in cr e m e n ta l c o st w as
high w h eth er or not the w ind w as blow ing, *
S im ila r ly , the w ind g e n e r a to r s op erate w h en ever
the w ind is blow ing r e g a r d le s s of the am ount of
e n e r g y in sto ra g e.

3. EVALUA TIO N W ITH STORAGE
A s se e n in the p re v io u s ex a m p le, the c o st of
w ind g e n e r a to r s w ithout sto r a g e m u st be r e la 
tiv e ly low in o rd er for th em to co m p ete w ith
co n v en tio n a l ca p a city . A n en e rg y sto ra g e unit
is often p ro p o sed to a llow the random g e n e r a 
tion to b e u sed in a sch ed u led m an n er and thus
im p ro v e th e ec o n o m ic s of the w ind gen era tio n
s y s te m .
B e fo r e attem p tin g to ev a lu a te su ch a sy ste m , its
o p e ra tio n sh ou ld b e look ed at. T he addition of a
sto r a g e un it w ill have no e ffe c t upon the o p e r a 
tion of the w ind g e n e r a to r s. E ven if the en erg y
sto r a g e w a s fu ll and the load on the u tility low ,
it w ould s t ill be e c o n o m ica l to o p era te the w ind
g e n e r a to r s as th eir in c r e m e n ta l c o s t of o p e r a 
tio n is e s s e n tia lly z e r o and thus m uch low er
than ev en b a se load ed ca p a city .

A lthou gh th ere ap p ea rs to be no in tera ctio n
b etw een the sto ra g e and the w ind g e n e r a to r s,
th is is not ex a ctly the c a se . T he co n trib u tion of
the w ind g en era to r s m ay change the nature of
so m e of the load flu ctu a tio n s and, thus, change
the p er fo rm a n c e of the sto ra g e . W hat th is lack
of d ir e c t in tera ctio n b etw een the sto ra g e and
w ind g e n era to r s d oes do is a llow the sto ra g e to

T h is is a v e r y im p ortan t fa cto r in a d d r essin g
e n e rg y sto ra g e e c o n o m ic s for a w ind sy ste m .

* F o r th is to be tru e the w ind g en era to r and th e sto ra g e d ev ice m u st be p h y si
c a lly sep a ra ted , A ty p ica l ex a m p le of w h ere th is w ould b e tru e is pum ped
hydro sto r a g e . T he pum ps a r e run by e le c tr ic m o to rs and not d ir e c tly by the
w in d m ills. T h is re q u ire m e n t is m et in m o st sto ra g e sc h e m e s
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be evalu ated in ex a ctly the sa m e m an n er w hen
w ind g e n era to r s a r e in vo lved as w hen they are
not. T he only d iffe r e n c e is that the load u sed
for the ev alu ation is that w h ich is le ft a fter the
output of the w ind g e n e r a to r s is su b tracted .
T h u s, a v a lid m ethod for ev alu atin g sto r a g e
d e v ic e s not a s s o c ia te d w ith w ind g e n e r a to r s is
a lso valid for sto ra g e w h ich is a s s o c ia te d w ith
wind g e n era to r s.
T he se le c tio n of a sto ra g e s y s te m in v o lv e s
co m p lex tr a d e -o ffs b etw een fill ra te , output ra te,
total en erg y sto ra g e ca p a city , and p o ssib ly
other p a r a m e te r s. It is o u tsid e the sco p e of
th is paper to in v e stig a te th e se tr a d e -o ffs .
H ow ever, a sa m p le ev alu ation of a sin g le
sto ra g e s y ste m is m ade to d em o n stra te the
m eth od o logy and to e stim a te the eco n o m ic the
eco n o m ic gain from sto ra g e a s s o c ia te d w ith
wind gen era tion .
T he sto ra g e s y ste m for this ex am p le is
a ssu m ed to have a m axim u m output equal to
10% of the peak u tility sy ste m load. It can
sto re su ffic ie n t en erg y to g en era te at th is
rate for s ix hours. It a lso can be fille d in six
hours. T he fillin g and gen era tin g r a te s are
independent of the en ergy in sto ra g e . T he
o v e ra ll e ffic ie n c y is 70%.

(1) T he sto ra g e is a lw ays fille d b etw een the
hours of 12:00 m idnigh t and 6:00 a. m . If
the sto r a g e is not em pty at the b egin n in g
of the fill p erio d , the f ill rate is red u ced
from the m axim u m such that the fill is
co m p leted during this p erio d w ith a co n 
stant fill rate.
(2) G en era tio n from sto ra g e d oes not take
p la ce u n le ss the u tility sy ste m load is
g r e a te r than the m in im u m load of the p r e 
viou s night (including the load from fillin g
the sto ra g e ).
(3) It is a ssu m ed d aily p ea k s can be p r e d ic 
ted a c c u r a te ly enough that g en era tio n
from sto r a g e can be u sed to m in im iz e the
d aily peak.
U sin g th is s y ste m and th e se c r ite r ia , the e ffe c t
of the sto r a g e on the load duration cu rve w as
c a lcu la ted using the sa m e h ourly data as b e fo r e ,
both w ith and w ithou t the w ind g e n e r a to r s. T he
r e su lts are show n in F ig u re 4, T h e se load d u ra 
tion cu r v es w e r e then u sed to ev a lu a te the c o s t of
op eratin g the r e s t of the g en era tio n s y ste m ju st
as in the ev alu ation of the w ind g e n e r a to r s. The
r e su lts are su m m a riz ed in T a b les 2 & 3.
4. DISCUSSION AND CONCLUSIONS
T he r e su lts p r e se n te d in T a b les 2 and 3 and in
F ig u re 4 in d ica te both w ind g e n e r a to r s and s to r 
age d e v ic e s can sig n ifica n tly a ffect load c h a r a c 
te r is t ic s . T he w ind g e n era to r s tend to low er the
load d uration cu rv e but m ake it m o re "peaky"
w h ile the sto ra g e tends to fla tte n it out and
sig n ifica n tly red u ce the total ca p a city re q u ire d .

The next step in the ev alu ation is to d efin e
op eratin g c r ite r ia for the sto ra g e . T h is in
its e lf is a co m p lex p ro b lem and w ill not be
a d d r esse d at length h ere. E ven if optim um
c r ite r ia w e re d eterm in ed , they could not be
u sed in actu a l u tility o p eration as they w ould
req u ire p e r fe c t forek n ow led ge of w hat actu al
load s w ould be. Any r e a lis tic op eratin g c r i
teria u sed to ev alu ate sto ra g e m u st in clu d e the
effect of im p er fe ct forek n ow led ge of load s.

M ost of the sa v in g s w ith the w ind g e n era to rs
co m e s from the red u ction in the am ount of n u clear
ca p a city req u ired . It has little effe c t on the co a l
and o il ca p a city . S ign ifica n t sa v in g s a re o b 
tained from the red u ctio n in both o il and co a l
ca p a city req u ired w ith the sto r a g e . T h ese are

F o r this sa m p le ca lc u la tio n , the fo llo w in g
c r i t e r i a a r e used:
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o ffs e t som ewhat by an in crea se in nuclear capa

good operatin g c r ite r io n fo r the storage.

c ity re qu irem en ts.

resu lt is the sto ra ge is used le s s e ffe c tiv e ly .
T h is does not m ean that sto ra ge should not be

When the sto ra ge and wind gen eration a re c o m 

used with wind gen eration , as there is a v e r y

bined, the total savin gs is som ewhat less than the

sign ifican t in crea se in the savings when the

sum o f the savings when each a re con sid ered
independently.
unexpected.

stora ge is added.

T h is should not be tota lly

to be econ om ica l unless each one is econ om ical

u npredictable random com ponent to the load

by it s e lf in the fir s t place.

w hich m akes it much m o re d iffic u lt to design a

Item

C ost P a ra m e te rs U sed fo r Sam ple C alcu lation

O il F ir e d C apacity Peakin g Turbine

In vestm en t C ost
($/KW In stalled)

It does indicate that wind

g e n era to rs and sto ra ge com bined a re not lik e ly

Th e wind gen era to rs add a highly

T a b le 1.

Th e

Coal F ir e d C apacity Steam Tu rbine

N u clear Capacity

250

550

800

37

84

122

F u el C ost
(^ / 106 B T U )

175

80

25

Heat Rate
(B U T/K W H )

12, 000

9, 800

11,000

V a ria b le C ost fro m F u el
((/ K W H )

2. 10

0. 785

0. 275

O ther V a ria b le Costs
((/ K W H )

0. 15

0. 10

0. 10

T o ta l V a ria b le C ost
((/ K W H )

2. 25

0. 885

0. 375

Y e a r ly F ix e d C ost
($ / Y R / K W )*

^A ssu m es a ll fix ed costs a r is e fr o m in itia l investm ent, a 15% in te re s t rate,
and a 3 0 -y ea r life span.
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Table 2,

Capacity Requir e m e n t s and E n e r g y Generated With W i n d Generation and Storage

O il F ir e d
C ap acity (MW)
C oal F ir e d
C ap acity (MW)
N u clea r C apacity
(MW)
E n erg y G en erated
w ith O il (MWH)
E n erg y G en erated
w ith C oal (MWH)
E n erg y G en erated
w ith N u clea r (MWH)

W ithout W ind
G en era tio n
W ithout S tora ge
1 0 7 6 .4 0

W ith Wind
G en era tion
W ithout S tora ge
1 0 9 7 .1 0

W ithout Wind
G en era tion
W ith S tora ge
879. 75

W ith Wind
G en era tio n
W ith S torage
900. 45

2 8 9 .8 0

2 8 9 .8 0

196. 65

227. 7

7 0 3 .8 0

6 6 2 .4 0

7 8 6 .6 0

724. 5
6

0. 8325 x 10 6 .

0. 8185 x 10 6

0. 7886 x 10 6

0. 7477 x 10

1 .6 6 1 0 x 106

1. 6052 x 106

1 .1 3 9 0 x 106

1. 2927 x 106

6. 0917 x 106

5. 7039 x 106

6 .8 0 1 7 x 106

6, 2333 x 106

T ab le 3. S y stem S av in gs W ith Wind G en era tio n and S tora ge
W ith W ind G en era tion W ith S to ra g e
W ith S tora ge
W ithout S tora ge
W ithout W ind G en era tion
W ith W ind G en era tion
O il F ir e d
.
-0 . 766 x 106
C ap acity F ix ed C o st ($)
7. 276 x i o 6
6. 510 x 106
C oal F ir e d
/
C ap acity F ix ed C o st ($)
0
7. 825 x i o 6
5, 216 x 10
N u clea r C apacity
A
A
A
F ix ed C o st ($)
5. 051 x 10
-1 0 .1 0 2 x 10
- 2 .5 2 5 x 10
O il F ir e d C apacity
A
A
A
V a ria b le C o sts ($)
0. 315 x 10
0, 988 x 10b
1. 909 x 10
C oal F ir e d C apacity
A
A
A
V a ria b le C o st ($)
0 .4 9 4 x 10
4. 620 x 10
3. 257 x 10
N u clear C apacity
A
A
V a ria b le C o st ($)
1. 453 x 10
- 2. 663 x 106
- 0. 533 x 10
T otal S avings ($)
6. 547 x 106
7. 944 x i o 6
13. 834 x 106
M axim u m E con o m ic
207. 7
252. 0
438. 8
C o st of Wind
G en era tion an d /o r
S tora ge ($/K W )*
L

^ A ssu m es a ll c o s ts a r is e from in itia l in v e stm e n t, a 30 y ea r lifesp a n , and a
15% in te r e s t rate.
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Table 4.

W i n d Generation Evaluation B y Incremental Cost and L o a d Duration Calculations.

W ithout W ind
G en era tio n
O il F ired
C apacity (MW)
C oal F ir e d
C apacity (MW)
N u clear
C apacity (MW)
E n ergy G en era ted
w ith O il (MWH)
E n ergy G en era ted
w ith C oal (MWH)
E n ergy G en era ted
w ith N u clea r (MWH)
T otal S avin gs ($)
M axim um E co n o m ic
C ost of Wind
G en eration ($/K W )*

1 0 7 6 .4 0

W ith W ind G en era tion
B y L oad D u ration
C a lcu la tio n s
1 0 9 7 .1 0

W ith W ind G en eration
B y In crem en ta l C ost
C a lcu la tio n s
1 9 7 6 .4 0

2 8 9 .8 0

289, 80

289. 80

7 0 3 .8 0

6 6 2 .4 0

7 0 3 .8 0

0. 8325 x 106

0. 8185 x 106

0 .6 8 9 1 x 106

1. 6610 x 10^

1. 6052 x 10

1 .4 3 6 9 x 10^

6. 0917 x 106

5. 7039 x 106

6 .0 0 1 6 x 106

6 .5 4 7 x 106
207. 7

5 .5 4 8 x 106
176. 0

—

*S ee footnote on T able 3.
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TOTAL COST OF GENERATION

F ig u r e 2. E ffec tiv e L oad D u ration C u rves W ith
and W ithout W ind G e n era to r s In sta lled

F ig u r e 3. D eterm in a tio n of the O ptim um C om bination of G en era tion
C apacity.
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!

F ig u r e 4. E ffe c t of Wind G en era tio n and S tora ge on
L oad C h a r a c te r is tic s
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APPLICATION OF SOLAR ENERGY COLLECTORS TO GRAIN DRYING

Gene C. Shove
Professor of Agricultural Engineering
University of Illinois,

Urbana-Champaign

Abstract
Flat plate solar energy collectors utilizing air as the energy transfer medium
can be constructed on the side walls of grain drying bins or incorporated into
the walls and roofs of farm buildings adjacent to grain drying bins. Farm
buildings provide large flat areas capable of capturing considerable solar
energy with relatively simple collectors. Experimental solar grain drying in
stallations now in use are providing design, construction, and operational in
formation.
1.

INTRODUCTION

and tobacco.

Recent solar corn drying experi

Increased cost of energy for drying grain has

ments and demonstrations have shown the feasi

intensified efforts to apply alternative energy

bility of replacing at least some of this petro

resources to drying processes.

leum-based fuel consumption with energy from the

Solar radiation

sun.

has considerable potential as an energy source
for drying and appears to be particularly well

2.

suited to the low temperature method of drying
grain.

SOLAR COLLECTORS FOR DRYING GRAIN

2.1 FLAT PLATE COLLECTORS ADAPT WELL TO DRYING

Low temperature drying is a method of

reducing grain moisture content over an extended

Flat plate solar energy collectors utilizing air

period of time with airflows that dry grain be

as the energy transfer medium readily adapt to

fore deterioration takes place.3 The long
drying period increases the probability that

and grain bins.

sufficient solar energy will be available to

volumes of air, and a method such as low tem

satisfactorily complete the drying process.

perature drying employs small temperature rises.

Historical data indicate a belt of nearly con

Therefore, the temperature differential between

stant solar insolation across the major corn pro-

air and the collector absorber plate is kept at
a minimum which tends to maximize collector

during states.

2

the large flat areas available on farm buildings

The data also indicate consider

Grain drying requires large

able solar energy is available during the corn

efficiency.

drying season of October and November.

plicity is that solar grain drying can be func

A factor related to collector sim

tional without heat storage since a decreased

An estimate of fuel consumption in corn drying

drying potential at night and on cloudy days can
be tolerated.

nationally for 1973 is 609 million gallons of
3
liquefied petroleum equivalent.
This repre
sented about 61 percent of the fuel consumption

During the corn drying months of October and

in drying corn, soybeans, rice, peanuts, sorghum

November in the major corn producing states (ap264

proximately 40 degrees north latitude) the tilt

can be used for air movement.

angle from the horizontal to align a flat plate

plete attic space versus a narrow chamber under

Choice of com

perpendicular to the sun's rays is approximately

the roof for air movement will depend in part

60 degrees.

on the construction details of the building.

Vertical walls of farm buildings

thus become appropriate fixed-in-place collector

Since grain drying requires large volumes of air,

surfaces for the corn drying season. Many farm

reasonably high air velocities can be maintained

building roof slopes are in the range of 14 to

in the attic space of large machine sheds and

22 degrees, which provides reasonably well ori

livestock shelters.

ented surfaces for solar energy collection.

Therefore, simplicity of

construction becomes an important consideration

2.1.1 Building Roofs and Walls Provide Flat Area

in determining how the solar collector will be

The roofs and walls of machinery storage and

incorporated into the building.

livestock buildings can become solar energy col

2.1.2 Grain Bin Wall Collector

lectors with minor modification in the building
construction.

Bare plate and covered plate solar collectors

A metal roof or wall becomes a

have also been constructed on the side walls of

bare plate solar collector if provision is made

grain drying bins.

to move air along the inside of surfaces sub
jected to the sun's rays.
can be employed:

A secondary wall of black

painted metal wrapped around a grain bin forms

At least two methods

a bare plate collector.

(1) air is moved through an

Similarly, a secondary

wall of clear fiberglass placed around a black

attic space formed by the addition of a ceiling

painted grain bin forms a covered plate collec

under the roof, or (2) air is moved under the

tor.

roof surface through a shallow depth chamber

Although covered plate collectors are more

efficient than bare plate collectors, bare plate

created by placing panels on the underside of

collectors constructed of relatively inexpensive

the roof covering support members.

materials may have a place in solar grain drying.

Although black roof surfaces would be ideal for

2.1.3 Experimental Bare Plate Solar Dryers

bare plate collectors, unpainted galvanized
metal or factory painted roof panels, such as

During the summer of 1974 a false ceiling was

dark green, are more readily accepted as a roof

installed under 1500 sq.ft, of the galvanized

color.

be shown for black compared with other roof

metal roof of a machine storage shed erected on
4
a farm in Green Lake County, Wisconsin.
The

colors, any objections to black would probably

false ceiling was attached to the underside of

be overlooked.

the roof purlins creating an 8-inch deep chamber

However, if significant advantages can

for moving air under the metal roof.
Walls and roofs can be constructed as covered
plate solar collectors by using clear fiberglass
as the wall or roof surface.

by a 10 hp crop drying fan installed on a near-by

Clear fiberglass

grain drying bin.

panels are available as a building material

In 1975, paneling was in

stalled on 384 sq.ft, of the south wall of the

since they have been used in the construction of
greenhouses for a number of years.

Air was

moved through this bare plate flat roof collector

building providing additional bare plate collec
tor area.

The fiber

glass serves as glazing over a black energy ab
sorbing surface to form a covered plate solar

During 1974, about 50 percent of the required

energy collector.

heat for drying 3,825 bushels of 26% moisture

Materials such as black insu

content corn was obtained from the metal building

lation board, black painted plywood or metal,

as solar heat.

and black plastic have been used for the ab
sorber plate.

In 1975 the building provided 93%

of the heat energy to dry 3,825 bushels of 23%

Either the entire attic space or

moisture content corn.

only a narrow chamber under the fiberglass roof
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During these two years,

58% of the cost of materials for collecting the

machine shed to provide solar heat for two near

solar energy was estimated to have been recov
ered in fuel cost savings.

by grain drying bins.

Also in 1974 a bare plate collector was installed

roof surface, was made of clear, corrugated

on a grain drying bin in Illinois by building a

fiberglass panels.

The transparent collector

cover, which also served as the outside wall and
About one-third of the 1,200

secondary metal wall around the southerly two-

sq.ft, of collector surface was provided by the

thirds of the bin circumference.3 This secondary

vertical wall and two-thirds by the 18 degree

wall which acted as the solar collector absorbing

sloping roof.

surface consisted of old, unpainted metal roofing

were pulled through the collector by two drying

Approximately 19,000 cfm of air

sheets secured to curved wooden members bolted

fans.

to the side of the bin.

through the collector and delivered the solar

perature rise of 10 F was obtained through the
collector.

heated air to about 3,300 bushels of 24% mois

During the two previous years of 1973 and 1974

ture content corn.

before the solar collector was installed, 4,190

A 1.5 hp fan pulled air

Observation of this bare

On a clear October day an average tem

plate collector indicated only about 12% of the

gallons of propane gas at a cost of $1,253.46

energy striking the collector was imparted to the

were used to dry 36,000 bushels of corn.

air.

cost of the solar collectot, which provided all

This was increased to 30% in 1975 after the

metal surface was painted black.

Even though the

The

the heat energy for drying 20,000 bushels in

efficiency of a bare plate collector installed on

1975, was about $3,000.00.

Although the 1975

the side of a bin may be low, such a collector

corn drying season was excellent in relation to

may be economically feasible when relatively

available sunshine, considerable fuel savings
are anticipated in future years.

inexpensive materials are utilized for the col
lector.

3. DUAL USE COLLECTORS
2.1.4 Experimental Covered Plate Solar Dryers
Incorporating solar energy collectors into the
In Illinois, in 1975, a covered plate solar

walls and roofs of farm buildings provides an

energy collector was constructed on the side of

excellent opportunity for dual use of the col

a 27 ft. diameter grain drying bin by painting

lectors.

Solar energy collected by the roof of

the bin wall black to provide a radiant energy

a machinery storage building could be used for

absorbing surface.

drying grain in the fall of the year and later

A secondary wall of clear,

corrugated fiberglass was built over the black

during the cold winter months be used to heat a

bin wall to form an air space and provide a

repair shop located in or near the storage

transparent cover for the collector.

building.

A 10 hp

Similarly, a solar collector incor

centrifugal fan enclosed within a fiberglass

porated into the roof of a livestock shelter to

housing pulled air over the black bin wall and

provide warm conditions for housed animals could

forced the solar heated air into the bin and

supply heated air to a nearby grain drying bin.

through the wet grain.

Dual use of solar collectors will provide a

The covered plate solar

collector on this low temperature drying bin pro

broader economic base for justification of in

vided the 2 to 4 F temperature rise normally

stallation costs and add to the potential fuel
savings.

obtained with an electric heater.

The design of

this collector was patterned after the suspended
4.

plate collector investigated by Peterson in
South Dakota.3

SUMMARY

Solar grain drying research now in progress at
several agricultural experiment stations has

In 1975, a covered plate collector was also in

provided enough encouragement for some grain and

corporated into the wall and roof of an Illinois

livestock producers to install solar collectors.
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Results from these research projects and field
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Covered

demonstrations are providing more specific infor

plate solar energy collector incorporated

mation on the design, construction, and operation

into wall and roof of a farm building.

of solar energy collectors for agricultural uses.
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As more specific design and cost-benefit data
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become available, solar energy collection will
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INNOVATIVE WIND TURBINES
Richard E. Walters, Jerome B. Fanucci, John L. Loth
William Squire, Paul G. Migliore, and Reazul Huq
Department of Aerospace Engineering
West Virginia University
Morgantown, West Virginia 26506

Abstract
This research is concerned with the initial investigation of two innovative
concepts in wind energy conversion turbines. The first concept is a vortex
concentrator, a device which creates a strong vortex in the ambient wind. The
energy per unit area in the vortex region is much higher than for the undis
turbed wind, allowing the energy to be more efficiently converted to more
useful forms. The second concept is a vertical axis wind turbine which uses
straight blades composed of airfoil shapes having high efficiency. This would
be attained by using circulation controlled (c.c.) airfoils for the blades;
these airfoils contain slots near the rounded trailing edges through which a
small amount of compressed air is blown to obtain high lift forces. Straight
blades allow cyclic pitch control, as well as locating each blade element at a
larger radius from the shaft so that maximum rotor torque is produced.
To date, available vortex theory has been used to predict the amount of energy
concentration produced by vertically oriented wings. This analysis has shown
that a five-fold concentration might be attained. Tests in a wind tunnel using
flow visualization have been initiated and extensive testing on a larger scale
is in progress.
The analysis of the vertical axis turbine (VAT) has included two theoretical
approaches to the problem. The first, a modified strip theory, was initially
used to compute the performance of straight-bladed VAT's, both with conventional
and circulation controlled (c.c.) airfoil sections. Advanced non-steady lifting
surface theory has been developed for the VAT. A test model for the VAT was
designed and constructed, in order to confirm the theoretical results.
Theoretical analyses, experiments, and system and economic analyses of both
types of innovative wind machines are continuing at West Virginia University.
NOMENCLATURE
a

A

radius of maximum rotational velocity in

4R

wing aspect ratio, 2b/c

vortex

b

semi-wing span

dimensionless total concentrator plus tur

c

mean aerodynamicwing

bine area = 1 +

0^

drag coefficient

-^72

7Td

chord

This research has been supported by the National Science Foundation Grant AER7500367-000 and by the U.S. Energy Research and Development Administration Con
tract E-(40-Q-5135.
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c

average wing lift coefficient

formed in order to establish the known theoretical

turbine power coefficient, power extracted

and experimental results concerning wing tip

P
t

d

power in rotor area

vortices.

rotor diameter

e

vortices

span wise loading efficiency factor

Most of the work was concerned with the
behind aircraft wings (Figure 1).

Theo

retical results were found to be available for

ns

number of chord segments in vortex model

laminar flow models.

r

rotor revolution number

freestream flow is not realistic and a mathematical

R

wind power concentration ratio

model was developed to extend the analysis to the

R

rotor radius

turbulent flow case.

S

concentrator wing area, be

are quite complicated, and continuing work will be

V

circulation controlled airfoil jet velocity

directed toward obtaining them and comparing the

free wind velocity
co
IfI

It was realized that laminar

The solutions for this model

results with the laminar flow solutions.

rotor rotational velocity

This

will determine the importance of including the

efficiency of air supply compressor for

complex turbulent flow phenomena when making cal

circulation controlled airfoil
0

rotor rotational angle

A9

incremental rotor rotational angle

£

coordinate in windward direction

tf

coordinate in crosswind direction

culations of the energies in various parts of the
vortex.
2.2

VORTEX TYPE CONCENTRATORS

Results of the available vortex analyses and
experimental work reported in the literature were

1.

used to predict the performance of the vortex type

INTRODUCTION

energy concentrator.
The work reported herein represents an initial
evaluation of two innovative wind machines.

An experimental program

emphasizing visualization of the flow around lift

The

ing wing surfaces was performed in two of the West

first is a vortex concentrator, which is a
Virginia University wind tunnels.
vertical wing placed In the natural wind in a

Figure 2 shows

the flow around the tip of a wing constructed of

way that a strong wing tip vortex occurs; a tur
high-lift Liebeck-type airfoil

sections; the flow

bine is then placed downstream of the tip in the
is visualized by photographing neutrally buoyant
concentrated energy region of the vortex to
helium soap bubbles with steady and pulsed light
convert the energy to more directly-useful forms.
sources.
The second concept involves a vertical axis

Thus, the trajectories and velocities of

the bubbles can be determined, as well as the

turbine with straight blades; the blades are
location of the maximum energy concentration.
composed of special circulation controlled air
Results of this type are necessary to assure
foils which show promise of increasing the
optimum location of the turbine behind the wing
overall efficiency of the turbine.

Both
tip, as well as allowing optimum design of the

theoretical and experimental studies are
turbine blades.
necessary to determine if these concepts for

Smoke studies were also per

formed, as well as tests with obstructions placed

wind energy conversion systems are economically
behind the models to simulate the turbine.
competitive with other systems of conversion.
Figure 3 shows a model of a wind machine utilizing

Details of the project, including complete
mathematical analyses, are contained in reference

the vortex concentrator concept.

(1).

more 'honventional" horizontal axis turbine has

The tower of a

been replaced by a vertical wing on a pivot,
2.

PROGRAM STUDIES AND RESULTS
located such that it orients itself at the proper

2.1

WING TRAILING VORTICES

angle to the wind.
turbine.

A thorough review of the literature has been per
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Suspended behind the wing is a

Since the wing tip vortex concentrates

the energy per unit area of the airflow, the

on the optimum design is obtained, structural

turbine can be much smaller than an unaugmented

and economic analyses can be performed.

rotor with the same power production.

of this task are also given in reference (2).

Thus,

Details

larger systems might be built than is possible
2.3

VERTICAL AXIS TURBINE STRIP THEORY

using unaugmented rotors; from another viewpoint,
a vortex concentrator system may produce more

Initial analysis of the vertical axis turbine (VAT)

power for the same initial installed capital cost.

was performed using a two dimensional strip theory.
This theory is relatively simple, and can be used

Some results of the theoretical study are shown
to predict turbine performance coefficients, as
in Figure 4 where the energy concentration ratio
shown in Figure 5.

The results clearly exhibit

(R) is plotted as a function of the turbine diam
the expected trends, with a high performance
eter (d) which is normalized by the wing chord
indicated by having the blade attitude optimized,
(c).

Curves are presented for several values of
i.e., the blade pitch continuously changes to

2
CL /e, the square of the wing lift coefficient

provide maximum torque at each rotational position.
divided by the wing spanwise loading efficiency
Operation at fixed blade angles (0°) or at twofactor.

The importance of having a high value of
position per revolution values (3°, 6°) shows the

lift coefficient is easily seen.

Although the
expected reduced efficiencies.

It was found that

peak energies are near the vortex core, it is
the results of this type of calculation were
seen that high levels of energy concentration
very dependent on the "blockage factor" which was
exist far outward.

Determination of the optimumrequired to be selected for the momentum type flow

size turbine must be made from economic consider
equations.
ations.

This blockage factor is an attempt to

The area ratio (A) shown in the figure
allow for the interference which exists among the

is that of the wing area plus the turbine area,
blades of the turbine, and which reduces the tur
normalized by the turbine area.

This value (A)
bine efficiency.

The results were also relatively

is seen to increase as the wing aspect ratio (/R),
sensitive to the drag coefficients used for the
or wing slenderness, increases.

High wing aspect
blades of the machine.

For these reasons the

ratios are needed to produce the high lift
absolute values for the predicted performance
coefficients required for large energy concentra
coefficients could not be taken as being necessar
tion in the vortex.

Assuming that the cost of
ily of high accuracy, especially with a lack of

the machine will be partly determined by its size,
experimental data.

However, the relative results

the optimum values of wing aspect ratio and tur
indicated that a turbine using circulation con
bine diameter must be determined by a thorough
trolled (c.c.) airfoils on the blades should
structural analysis and cost study, once the
perform at somewhat higher efficiencies than a
machine performance is adequately predicted.
similar turbine with "conventional" symmetrical
Work which is continuing on the vortex concentra

airfoils.

tor concepts is concerned with testing an outdoor

mance occurred at lower values of the rotational

4.6 m (15 ft) high wing, and performing flow

speed than that for the symmetrical blades.

Also, the c.c. turbine peak perfor

surveys in the vortex region to determine the
Although this theory has not produced absolute
obtainable concentration ratio.

A theoretical
results, it still has potential for use as a

turbine design analysis previously performed will
design tool, once proper blockage factors and
be extended.

The possible break down of the vor
drag coefficients are known,

Its chief value is

tex when the turbine is placed in the flow is
that it is rapidly solved with a computer, thus
also a major item to be investigated; the necess
giving low-cost outputs.

Future efforts will be

ity for a turbine shroud, to stabilize the vortex,
made to determine if proper inputs can be devised
must also be determined.

After more information
to allow the theory to adequately predict VAT
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performance.

indicates the initial results of calculations for

2.4

multiple blades with a slightly modified version

VERTICAL AXIS TURBINE VORTEX THEORY

of the computer program which was used for the
A more exact theory (3) has been developed for the
results shown in Figure 7.

The addition of blades

VAT which determines the non-steady lift and
is seen to cause an increase in turbine power
moment characteristics of cross-flow wind turbines.
coefficient (C^) and lower operating rotor tip
The method employs a force-free wake model,
speed ratios (coR/Vffl ) for maximum output.

These

accounts for wake/blade interactions, reflects
results should be considered somewhat tentative
transient aerodynamics, and accomodates time
at this time, unitl more experience is obtained
varying winds.

Introduction of experimental
with the calculation procedure.

However, the

blade drag data permits calculation of the power
results to date indicate the possibility of attain
produced.

The analysis is not dependent upon the
ing a rather high overall machine efficiency.

selection of an artificial blockage factor, as Is
Work in progress includes extension of the analysis

necessary for the previously discussed strip
theory.

to turbines with circulation controlled blades and

A numerical solution of the equations

is necessary, and solutions have thus far been

using thick cambered airfoils.

obtained for a turbine with one, two, and three

will also be considered.

blades.

then be performed, and results compared with

The computer code ("CROFTAN") is written

in FORTRAN IV and utilizes complex arithmetic.

available test data.

Current status includes the ability to consider

2.5

Time varying winds

Parametric studies will

VERTICAL AXIS TURBINE TEST MODEL

single or multiple blades with thin airfoil
As previously discussed, there are several assump
sections, fixed or variable blade pitch operation,
tions used in the theoretical developments for the
and steady winds.
VAT performance.
Figure 6 shows the details obtainable with the
procedure.

A wake/blade interaction is depicted

in the transient wake.

Experimental data is necessary

for the determination of the theory accuracy and
the limits of its validity.

As shown by the shed vor

An experimental

program is underway at West Virginia University to

tex trajectories, the results depict actual vortex

provide this information.

positions as functions of time; this allows the

test model which has been designed and constructed.

Figure 10 shows the VAT

blade forces and turbine torques to be calculated.
The turbine rotor is 3.05 m (10 ft) in diameter
Figure 7 shows the lift coefficient for a two

and its blades are 3.25 m (10 ft 8 in) long.

The

bladed turbine plotted versus rotor rotational

expected power output is on the order of 0.5 KW

angle (0° is aligned with the free stream wind).

with winds of 6 m/s (13.4 mph).

e

This turbine will

The vortex model CL 's are substantially less than

initially be tested with symmetrical "conventional"

that given by strip theory.

airfoils, and then will be equipped with a circu

C

is reduced most

on the downwind side of the turbine between 9=

lation controlled airfoil system.

150° and 9=210° where the wake is strongest.

mary advantages of utilizing a relatively large

One of the pri

Power coefficients calculated from these two

turbine is that more accurate blade and rotor drag

methods differ markedly.

data is expected to be obtained than would be

Figure 8 illustrates the lift coefficient (C^)

possible with small-scale wind tunnel test models.

transients which are calculated for the three

Also, operational problems can be evaluated, and

bladed rotor.

costs can be determined.

The fourth rotor revolution has

Thus, a first step at

determining the economic feasibility of this

values which are quite different than those
for the first revolution, indicating the importance

design can be made.

of the vortex/blade interactions.

test model was $5000.

Figure 9
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The approximate cost of the
Future analysis will be

directed at various cost-cutting techniques for

State Line, Nevada, September 12-17, 1976,

the turbine, and optimizing the design on an

Vol. II, pp. 1779-1786.

economic basis.

6.
3.

CONCLUSIONS
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FIGURE 1.

SKETCH OF FLOW PATTERN IN AIRCRAFT
TRAILING VORTICES.

FIGURE 3.

SCALE MODEL OF A VORTEX CONCENTRATOR
WIND TURBINE.

FIGURE 2.

HELIUM BUBBLE FLOW VISUALIZATION OF THE TIP VORTEX FROM A HIGH LIFT WING.

273

r* ia 2
A0 * 4°

ns =3

W R /V „*4
C/R * .10

>

70

m

>
70

5

o

£/r
FIGURE 4.

VORTEX WIND ENERGY CONCENTRATOR CALCU
LATED PERFORMANCE.
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FIGURE 5.

FIGURE 6.

CALCULATED VAT WAKE/BLADE INTERACTIONS.

FIGURE 7.

BLADE LIFT COEFFICIENTS CALCULATED BY

CIRCULATION CONTROLLED VERTICAL AXIS
TURBINE CALCULATED PERFORMANCE FROM
STRIP THEORY.
STRIP ("THIN AIRFOIL") THEORY AND
VORTEX ("CROFTAN") THEORY.
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FIGURE 8.

CALCULATED LIFT COEFFICIENT TRANSIENTS
FOR A THREE BLADED VERTICAL AXIS TUR
BINE.

FIGURE 9.

CALCULATED POWER COEFFICIENTS FOR ONE,

FIGURE 10.

TWO, AND THREE BLADED VERTICAL AXIS

THE WEST VIRGINIA UNIVERSITY VERTICAL
AXIS WIND TURBINE TEST MODEL.

TURBINE.
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SOLAR ENERGY FOR DRYING SHELLED CORN AND HAY

Mylo A. Hellickson, William H. Peterson and David P. Yexley
Department of Agricultural Engineering
South Dakota State University
Brookings, South Dakota 57006

Abstract
Investigations of selected types of low-cost, low-temperature rise solar
collectors for drying shelled corn and chopped hay were performed in 1974 and
1975. The results indicate that bare plate, solar collectors can be an eco
nomically feasible means of providing supplemental heat for agricultural drying
operations in South Dakota.

1.

INTRODUCTION

Current energy shortages coupled with problems

compatibility is needed to encourage producers to

of priority use and energy distribution have in

accept and adopt solar energy for many agri

creased the need for developing alternative energy
sources for many agricultural applications. Use

cultural operations.

Solar drying of shelled corn

of solar energy for drying agricultural crops is

and hay using low temperature air is one specific
area where solar energy may be beneficial. There

limited even though much of the basic technology

fore, research to evaluate selected types of low-

needed to develop these systems has been available

cost, low-temperature rise solar collectors was

for over ten years.

conducted with the following objectives:

Failure of agricultural

producers to employ solar energy has been related

(1)

in large part to the availability of conventional
energy sources at reasonable prices. However, the

Compare the performance of selected types
of solar collectors for supplemental heat
ing of air used for drying shelled corn.

rapidly increasing costs of fossil fuels have begun

(2)

to change this situation and it is becoming im

Compare drying rates for shelled corn dried
using selected solar collectors for provid

portant that alternate energy systems be designed

ing supplemental heat.

that will perform satisfactorily under, specified

(3)

Establish the economic and energy efficien

management, environmental and climatic conditions.

cies of drying shelled corn using solar

Many of the techniques developed through solar

energy as a supplemental heat source.
(4)

energy research seem to have characteristics that
render them adaptable to present agricultural
systems.

Compare cold air and solar supplemented air
for drying hay.

Additional research demonstrating this

2.

LITERATURE REVIEW

Potentially, solar energy has all the applications

* Research sponsored by the South Dakota State
University, Agricultural Experiment Station and
ERDA, USDA-ARS Agreement No. 12-14-3001-199.

of conventional energy sources (6), and solar
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energy systems required to develop only small

was time clock controlled to operate from midnight

temperature differentials are relatively simple

to 600 hours.

from an engineering standpoint.

entrance and near the exit of each collector, out

Unusual manu

facturing techniques or exotic materials are not

Thermocouples were installed at the

doors, under the perforated floor, above the shell

required to develop these small temperature differ

ed corn and at the fan entrance.

entials.

were monitored every two hours with a 24-point re

For most agricultural applications

Temperatures

satisfactory results may be obtained without high

cording potentiometer.

temperatures, and the energy required is small

with a hot-wire anemometer and energy inputs were

compared to the amount falling on the area re
quired to produce the crops.

measured with standard kilowatt-hour meters.

Airflows were monitored

Shelled corn samples were taken from each load

Numerous studies have indicated that solar heated

during filling of the bin and moisture content was

air can be used for crop drying (1), (2), (3), (4),

measured at two-foot intervals at two locations in

(5), (7), (8), (9), (10), (11) and (12).

The pre

the bin weekly.

dominant factor in adaption of solar energy for

Moisture content was determined

by oven drying for 72 hours at 217 F. During the
1974 season, drying occurred from October 24 to

crop drying is that only a low-temperature rise is
needed.

November 5. Drying during 1975 extended from
November 5 to November 25.

3. PROCEDURE

The solar collectors

were modified by inserting a 3/4" thickness of
The research was conducted in three parts during

styrofoam inside of the bin wall to reduce heat

the 1974 and 1975 corn and hay drying seasons in
South Dakota.

transfer from within the bin to the solar collect

One was a comparison of five types

ors and by replacing Collector A (Figure 1) with

of solar collectors mounted on one bin at the James
Valley Research and Extension Center near Redfield,
South Dakota. The second was a comparison of a

a 45-degree, vee corrugated, aluminum, bare plate
collector painted black, during the 1975 corn
drying studies.

solar drying bin with a conventional low tempera
3.2

ture drying bin located near Arlington, South

SOLAR VERSUS CONVENTIONAL LOW-TEMPERATURE
DRYING

Dakota and the third was a comparison of cold air
and solar supplemented drying of chopped hay on the

The solar bin was 18 feet in diameter, had a 3300-

Agricultural Engineering Department Research Farm
near Brookings, South Dakota.

bushel capacity and was equipped with a 7-1/2 hp,
24-inch diameter fan, a 19.2 kilowatt heater and
was located near Arlington, South Dakota.

3.1

COMPARISON OF FIVE TYPES OF SOLAR COLLECTORS

The

solar collector was constructed around the southern

Five types of solar collectors (Figure 1) were

two-thirds of the bin.

mounted on the southern two-thirds of a 14-foot

sheet type with air flowing on both sides of a

diameter drying bin at the James Valley Research

black-painted solar absorber.

and Extension Center near Redfield, South Dakota.

used aluminum offset printing plates.

All collectors included a 3-inch air space between

inch air space was provided on each side of the

the bin wall and the outside surface with col

solar absorber and airflow was designed to have a

lectors A and B of the covered suspended-sheet type

velocity of 1500 ft/min.

and C, D and E of the bare-corrugated sheet type.

A three-

located approximately 1-1/2 miles east of the

An 8

solar bin.

kilowatt electric heater was installed downstream

The bin was identical to the solar

bin, except it did not have a solar collector.

from the 3 hp, 18-Inch diameter, tube axial drying
fan.

The absorber was

The low-temperature, electric heat drying bin was

All solar absorber surfaces were painted with a
commercially available flat-black enamel.

It was of the suspended-

During 1974, drying with the solar bin was perform

The fan operated continuously and the heater

ed from October 12 to October 30 and drying with
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the low^temperature bin was conducted from October

Performance data for five days are presented in

8 to October 23.

Table 1.

Initial and final moisture

contents in the solar and conventional bins were
18.2 and 13% and 20.0 and 13,5%, respectively.

The largest energy totals were provided

by Collector E, the bare plate, corrugated,
In

galvanized steel roofing collector.

However, heat

1975 drying in the solar bin was started on

conduction from the air plenum below the perforated
October 14 and in the conventional bin it was start drying floor may have biased the data for this
ed on October 21.
collector. Solar efficiency ranged from 13.5 to
90.0 percent and averaged 50.2 percent for the five

3.3 SOLAR SUPPLEMENTED HAY DRYING

days studied.
Six, 2000-lb hay stacks, formed using a commercial
ly available hay handling system were dried using
cold and solar heated air provided from 8:00 a.m,
to 8:00 p.m. daily.

Energy and economic savings of the

five collectors are presented in Table 2. Largest
energy savings were provided by Collectors D and E,
however, as noted above the data for Collector E

The cold air dried stacks were

may be biased.

provided approximately 1100 cfm of air and the
Energy collected at noon and 1600 hours are pre

solar dried stacks were provided 400 cfm of air.
2
A 100-ft , bare plate solar collector, construct

sented in Table 3 for the five types of collectors

ed of plywood and blackened aluminum siding and

studied at Redfield, during the 1975 drying season.

oriented perpendicular to the incident solar

At noon the largest amount of energy was collected
by Collector E, a bare plate unit constructed of

radiation was used to provide the solar energy

corrugated galvanized steel roofing painted black.

input. The hay was dried in two trials (July 31
to August 11, 1975 and September 10 to 22, 1975)

The covered collector (B) received the second

from an initial moisture content of from 30 to 40%

largest amount of energy.

At 1600 hours the

largest energy amount was collected by Collector D,

wet basis.

which was constructed of corrugated aluminum roof
Insolation data were continuously monitored using

ing painted black.

an Eppley pyranometer, hay samples were taken on

At this time Collector E pro

vided the least energy and Collector B the third

a daily basis during Trial 1 and on an every-otherday basis during Trial 2 and solar collector temper
ature data were measured using copper-constanton

most energy.

Energy incident on a horizontal

surface of equivalent area is presented as a
reference value.

thermocouples and were monitored every two hours
4.2

using a multi-point, strip-chart recording po

SOLAR VERSUS CONVENTIONAL LOW-TEMPERATURE
DRYING

tentiometer.
1974 drying season. Comparative performance data
4.

RESULTS AND DISCUSSION

for the solar bin and the low-temperature bin are

4.1 COMPARISONS OF FIVE TYPES OF SOLAR COLLECTORS

provided in Table 4.

Average hourly quantities of energy collected

outside temperature averaged 9.5 F higher, relative

along with the solar energy received on a hori

humidity 15.6 percent lower and hours of possible

zontal surface are illustrated in Figure 2.

sunshine 22 percent higher than normal, the savings

These

For this drying season, when

data are for a period when average outside tempera

associated with use of the solar supplemented

ture was 5.9 F above normal, average relative

drying system was approximately 26 percent.

humidity was 3.6 percent above normal and number

1975 drying season. Comparative performance data

of possible sunshine hours was 6.3 percent below

for the solar bin and the low-temperature bin are
provided in Table 5. An energy savings of 55.5

normal.

The largest average hourly energy total

was collected by Collector E, the galvanized bare

percent was noted in comparing drying system per

plate collector (Figure 1),

formance during this season.
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However, a part of

this sizeable difference may have been caused by

supplying supplemental heat for drying shelled

excess use of the electric heater on the conven

corn in South Dakota.

tional low-temperature bin,

(3)

Similar hay drying rates were obtained with
solar dried stacks provided approximately

4.5 SOLAR SUPPLEMENTED HAY DRYING

one-half as much airflow as was noted for coldSolar collector efficiencies at 10:00 a.m. and

air dried hay stacks.

2:00 p.m. are illustrated in Figure 4 for Trial 1.

(4) Bare plate solar collectors designed to pro
vide a low-temperature rise appear to be an

These efficiencies are a ratio of the actual energy
collected in the air stream to the solar energy
incident on a horizontal plane of equivalent area.

economically feasible alternative for drying
shelled corn and chopped hay in South Dakota.

Typical efficiencies were in the range of 60 to
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Collector E are distorted due
to heat transfer from plenum
through bin wall.
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Table 1.

Date
10-26-74

10-27-74

10-29-74

10-30-74

11-04-74

(1)

Hay Drying Rate, Trial 2.

Performance Data for Five Low Temperature Rise Solar Collectors.

Collector
A
B
C
D
E(l)
•A
B
C
D
E
A
B
C
D
E
A
B
C
D
E
A
B
C
D
E

Area
ftZ

Temp.
Rise
°F

58.6
58.6
58.6
58.6
58.6
58.6
58,6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6
58.6

15.4
10.7
10.5
8.2
7.9
15.2
14.3
8.0
7.9
6,9
15.5
10.7
7.8
8.4
5.2
2.4
1.7
1.0
1.0
0.6
2.5
2.1
2.6
2.1
2.0

Solar Heat Added
Max.
Per Day
Btu/hr
Btu
5164
3889
6071
5117
6248
5302
6290
4626
4930
5457
5282
4617
4509
5241
4113
808
816
578
624
475
820
971
1503
1310
1582

17,055
12,609
17,172
20,530
20,337
11,457
14,343
14,281
17,971
22,541
5,557
5,269
7,632
8,424
11,310
3,712
4,647
3,932
4,368
7,277
10,602
8,960
10,060
10,421
18,903

Solar Use
Efficiency (Max.)
%
64.2
49.1
76.6
65.6
78.8
75.8
90.0
66.1
70.5
78.0
68.7
60.0
58.6
68.1
53.5
31.5
31.8
22.5
24.3
18.5
13.5
16.0
24.8
21.6
26.1

Data for Collector E may be inaccurate due to heat transfer from the plenum beneath
the perforated bin floor.
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Table 2.

Energy and Economic Savings Provided by Five Types of Low Temperature Solar Collectors.

Actual Energy Provided
Kwhr
Total Period Avg.
Hourly Avg. Max.
Saved Btu(103) $(1) Btu(103) $
Btu

Collector

Economic Efficiency
C per
Tot. Cost

<? per
Mtl. Cost

C per
Total
Cost/yr

<? per
Mtl.
Cost/yr

A

60.0

205

1.2

8,5

.05

2168

0.96

3.0

0.5

1.5

B

56.7

193

1.13

8.0

.05

2572

0.71

1.5

0.8

C

59.3

202

1.19

8.4

.05

2339

1.15

2.8

0.4
0.2

0.6

63.9
107.2

237
366

1.39
2.14

9.8
15.2

.06
.09

2387
3106

1.19
1.84

2.5
3.8

0.2
0.4

0.5
0.8

D
E(2)

(1) 2c/Kwhr
(2) May be inaccurate due to heat transfer from the plenum beneath the perforated bin floor.

Table 3. Energy Collected at Noon and 1600 Hours by Five Solar Collectors— Redfield, 1975 (Btu/hr)

Time

A

B

C

Noon

4043.4

5266.1

1600

838.1

976.3

Table 4.

Solar Energy on a
Horizontal Surface

D

E

4527.4

5253.1

6220.8

5016.4

1002.2

1161.2

794.9

1192.5

Selected Data, Solar Bin and Conventional Low-Temperature Bin, 1974

INITIAL

SOLAR BIN

CONVENTIONAL BIN

Ave. Moisture

18.16%

20.04%

12.77
5.39
2950 (103 cu. M)
1964
0
1964
0.665
0.123
(26% Less)
635 (352 cal/gm)

13.46
6.08
2030 (71.4 cu. M)
1844
233
2067
1.018
0.1674

October 23
Ave. Moist. Content
Moist. Removed - Pts.
Bushels
KWH-Fan
KWH-Heater
KWH-Total
KWH/Bu. (35.24 1.)
KWH/Bu.-Point
BTU/lb. Water Removed
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766 (431 cal/gm

Table 5.

Selected Data, Solar Bin and Convention Bin, 1975.

Starting Date
Finishing Date
Initial Moisture
Final Moisture

SOLAR BIN

CONVENTIONAL BIN

Oct. 14
Nov. 10
22.05
13.6

Oct. 21
Nov. 17*
20.0
15.78

Moisture Removed, Pts.
Bushels
KWH-Fan
KWH-Heater
KWH-Total
KWH/Bu.
KWH/Bu. - Pt.
Elec. BTU/lb. water removed
*

8.45
3053
4869
0
4869
1.59
0.1887
(55.5% Less)
930

4.22
3053
3474
2014
5488
1.79
0.424
2081

Corn was not dried to desired moisture on this date, but drying was discontinued due to cold
weather.

Conventional bin may have been somewhat mismanaged.
times when it wasn't needed.

i.e.
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The heater may have been operated at

WHEN BEING MORALLY RESPONSIBLE ISN'T SIMPLE
Richard H. Bube
Department of Materials Science and Engineering
Stanford University
Stanford, California
Human nature craves simple solutions for complex

processing of food for the consumer again requires

problans.

large energy inputs, a rapidly increasing demand

The energy problan - like many other

ethical problems - does not yield to simple solu

in the present day of pre-processed, pre-packaged,

tions.

pre-baked, frozen or dehydrated foods. Although

In his farewell speech to the President's

Cabinet in 1970, Daniel Moynihan said,

a limitation in population growth obviously would

"A century ago the Swiss historian Jacob
Burkhardt foresaw that ours would be the
age of 'the great simplifiers,' and that
the essence of tyranny was the denial of
complexity. He was right. This is the
single great temptation of our time. It
is the great corruptor, and must be re
sisted with purpose and energy. What we
need are great camplexifiers, men who
will not only seek to understand what it
is they are about, but who will also
dare to share that understanding with
those for whan they act."

benefit the many pressures on energy, food and the
environment, it is probable that a limitation on
population only would have little more than a per
turbative effect on the total constellation of
problems.

The increase in environmental pollution

since 1946 is seven times the increase in popula
tion, (1) largely because of a major change in pro
duction technologies starting after Wbrld War II.
It appears that little less than a dramatic change

There are many ways that simple solutions are

in values and lifestyle is appropriate for major

sought for the energy problems.
a few of them this afternoon.

inprovements in the near future.

Let us consider

2. The Simplification that the Energy Problem is

1. The Simplication that the Energy Problem

Caused totally by Special Elements or Inter

Stands by Itself.

ests in Society.

Any attempt to separate problans associated with

Of course, everyone would like to find a scape

energy frcm those associated with population,

goat. It must be someone's fault.

food supply or environmental concerns is doomed

targets present themselves; the energy industry,

to failure.

We are dealing with a carplex sys

Three convenient

the federal government, and the environmentalists.

tem with many interconnections; attempts at sim

As seen by their adversaries, the first conspires,

plistic or reductionistic solutions are bound to

the second bungles and the third obstructs.

be inadequate.

first is a knave, the second a fool, and the third

An increasing population seeking

The

an increasing standard of living requires greater

a dreamer. (2) But scapegoats usually provide

energy consumption of many different types, in

little more than convenient places to assign

cluding food.

blame, and more basic causes of the energy crisis

The production of food in turn de

pends critically upon large inputs of energy for

are much more deeply rooted in human nature and

farm machinery, transportation, irrigation, fer

culture.

tilizers, pesticides and related activities.

The
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Even during the interval when these traditional

3. The Simplification that there really isn't any

sources of energy are still available, however,

Energy Problem after all.

the energy crisis will manifest itself as a dras

If being at the beginning of a radical change

tic increase in the cost of energy:

in the availability, cost and mode of energy sup

a cost to be

reckoned not only in dollars, but in degradation

ply is in mind, there certainly is an Energy

of the environment, and in damage to the health

Problem.

and welfare of human beings.
Traditional sources of energy-the fossil fuels,

From these effects

such as coal, petroleum and natural gas-are run-

spring a major lesson of the energy crisis:
there are many costs (energy, environment, health)

ing out as presently foreseeable rates of use are

beside financial costs, and any balance sheet that

projected into the near future.

Just 100 years

excludes them will cover up massive deficits in

ago, the principle source of energy in the United
States was wood.

the quality of human life.

Subsequent industrial develop
But the energy crisis is not the result only of

ment was built on the large exploitation of our
coal resources.

the depletion of traditional and environmentally

About the time of World War I,

acceptable sources of energy.

oil began to become a major contributor to our
energy consumption.

It is also the re

sult of an absence of presently viable alternatives.

Finally in about 1950 natural

Alternatives are known - nuclear fission, nuclear

gas took over a significant role in our economy.

fusion, solar heating, solar electric, wind, geo

The large utilization of these fossil fuels is

thermal, hydroelectric, and fuel from wastes - but

therefore a rather recent development against the

no single one of these, or simple combination of

history of the planet earth itself.

several of these, is known today to meet the pro
Even if coal is utilized in many different ways

jected energy requirements of the year 2000.

not presently used (e.g., solvent refining, pyrol
ysis, gasification, magnetohydrodynamic generators,)
its supply is hardly infinite and we will probably

235

is short-range, the

supply of this material being more limited that
the supply of coal.

begin to run out of coal in about 300 years or
less.

Nuclear fission involing U

The nuclear breeder reactor

overcomes this difficulty by producing more fis

The attempt to use coal more widely threa

sionable material than is consumed.

tens the air through volatile pollutants and the

But whether

the operation, handling of radioactive wastes, and

exploitation of strip mining to tap our major re
serve of coal threatens the earth with degradation.

protection against accident and sabotage can be
sufficiently controlled to warrant its operation,

Domestic petroleum production peaked in 1971. Al

is still a subject for intense public debate.

though 89% of all fossil fuels remaining today

Nuclear fusion promises the ultimate limitless

are in the form of coal, 77% of United States con

source of energy, but the technical problems in

sumption involves the use of oil and natural gas.

volved in bringing it to practical use are extreme,

Of all known petroleum reserves in the world, 75%

if solvable at all.

are in the Middle East, where they will continue
to be constantly threatened by international poli
tics.

All of the other alternative sources of energy arise from just three sources:

It is expected that we will begin to ac

the radiation frcm

the sun, the gravitational effect of sun and moon

tually run out of petroleum (as contrasted to

on the tides, and the heat inside the earth itself.

local or politically-generated shortages, which

All of these sources will make a contribution to

are already with us) in about 25 years.

the future needs for energy, but is is unreasonable
Natural gas is an ideal fuel, but its supply is

to suppose that they are going to supply a major

so limited that the United States imay b u m the

share of the needs predicted for 2000 within the

last molecule of natural gas within 20 years.

context of present-day lifestyles.
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The effective use of such alternative sources of

of energy due to a higher standard of living and

energy also calls for a technology of energy trans

becoming accustomed to a variety of labor-saving

mission and storage that is not presently avail

devices and technological processes only aggravates
the problem further.

able. Many of than are transient sources (solar
wind) and their utilization requires that excess
energy received during periods of supply be stored
for use in periods of dormancy.

4.3 Changes in agricultural practice.

Modem

methods of agriculture have revolutionized the

When all the as

production of food, but at the expense of greatly

pects of the present energy situation are consid

increased consumption of energy.

ered, including the physical, social, economic,

The number of

calories of energy needed to produce 1 calorie of

technical and human changes that are required for

food for actual consumption has increased continu

the future of human life on earth, there seems to

ously over the last 50 years from about 2 calories

be no other answer than,"Yes, there is an energy
problem.

in 1920 to almost 10 calories in 1970. (3) Na
tural fertilizers from animal manure have been al

4.

The Simplification that the Energy Problem is
totally the consequence of selfish or irre

most completely replaced by chemical fertilizers
that not only require energy consumption to pro

sponsible human decisions.

duce but result in pollutioh of local water re
sources.

It is perhaps useful to realize that some contri

Financial costs and economic considera

butors to the energy crisis arise from what might

tions have controlled the situation; energy costs

be called ccrtimendable or at least neutral aspects
of human life.

have not been hitherto part of the balance sheet.

4.1 Development of environmental consciousness.

Widespread use of automobiles and airplanes for

The growth of an awareness of the need to protect

individual travel has added immeasurably to the

the environmeit has been slow and fairly recent.

freedom of each person, but at a greatly increased

4.4 Changes in node and style of transportation.

The consequence of this enhanced awareness of the

cost in energy.

importance of the total man-nature system has been

the United States is for transportation including

an unwillingness to sacrifice the environment for

both passenger and freight.

the production of more energy.

efficiency for passenger travel by a suburban

The environmental

One-fourth of the energy use in
The transportation

cost of new energy is one of the main factors to

train is twice that by bus, seven times that by

be considered in choosing from alternative energy

automobile, and ten times that by jet plane.

possibilities.

transportation efficiency for freight movement by

4.2 Growth of population.

The

The growth of popula

a sipertanker is four to ten times greater than by

tion, per se, is probably to be attributed to the

train, twenty times that by truck, and one hundred

intrinsically good drives of human nature.

times that by jet plane. (4) Our practice, how

For

millennia the generation of many children was both

ever, in each case has been to move more and more

a sign of divine favor and a practical contribu

toward the less energy-efficient mode.

tion to the welfare of the family.

High infant
4.5 Urbanization.

mortality called for an even greater conception
rate.

But we have arrived at a time in the his

dependent upon supplies from outside locations,

tory of the world when the uncontrolled growth of

intensifies the need for energy consumption in or

population seams certain to bring a series of ca
tastrophes including its own limitation.

The development of city living,

with its high population density almost completely

der to meet the needs of people.

As hu

The plight of

our great cities has many causes, but energy pro

man beings continue to "do what cares naturally"
the strain on energy production increases continu
ously; an increase in the per capita consumption
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blems will aggravate them all in the near future.

5.

semetimes selfish plunge into greater energy con

The Simplification that the Energy Problem
has nothing to do with selfish or irrespon

sumption and greater environmental degradation.

sible human decisions.

5.3 The exclusiveness of the profit motive. Our
industrial enterprise has been guided, at least in

5.1 Materialism.

Materialism is a caimon philo-

principle, by the ideal that society is best served
as a result of cotpetition between many sources of

sophico-religious base for the majority of people
living in the Western world.
simply that to have is to be.
piness.

It claims quite

supply, each trying to gain a larger share of the

Things bring hap

market and hence a larger profit than its competi

We are bombarded by advertisement to

tors. In the course of this sharp competition,
the final product is supposedly improved, econom

purchase things that will make our lives complete,
happy and sexually fulfilled. The production,
the purchase and the owning of things is constant

ics are ensured, and incentive is provided where
it counts the most:

ly advanced as the way to the good life, the
beautiful life, the American life. Materialism

in the pocketbook.

In prac

tice, however, it is all too often found that the

demands the objectification of energy in order to

final product,is degraded because the necessity for

provide a tangible basis for personal worth.

profit has made quality an unaffordable luxury,

In

economies are obtained at the expense of the pub
lic and in order to provide larger profits for the

this context any responsible conservation of ener
gy becomes virtually impossible.

relatively small number of well-to-do investors,

5.2 Growth of energy-expensive industrial pro
cesses.

and the development of built-in obsolescence, the

By failing to include the total costs to

hard-sell of materialistic views, and a "public-

society in the daily balance sheet, industries

be-damned" attitude often follows.

have moved ahead to meet the demands of material

The growth of

large industrial monopolies and international car

ism and to obtain higher profits by adopting

tels leave the individual with little choice of

technologies that are ever more energy-expensive.

alternatives.

Commoner points out the areas in which rapid

When the profit-motive is the ex

clusive guide to industrial action, economic fac

growth in industrial production has occurred:

tors dominate all others, and energy, environmen

non-returnable soda • bottles, synthetic fibers,
mercury for chlorine production, mercury in mil

tal- and human costs never enter the equation.

dew-resistant paint, air conditioner, compressor

5.4 Nationalism and its counterparts.

Finally in

units, plastics, fertilizer nitrogen, electric

a global view of the energy crisis, nationalism,

housewares, synthetic organic chemicals, aluminum,

racism and etbnicism can be grouped together as

chlorine gas, electric power, pesticides, wood

analogous challenges to the responsible use of

pulp, truck freight, consumer electronics, motor

energy.

They correspond to putting seme group of

fuel consumption and cement. (5) Many of these

people about the welfare of all people, whether

areas involve both a greater energy cost and a

that group be the nation, the race, or the an

greater environmental cost.

cestral background.

In each case, the preserva

tion of the welfare of the group takes priority

The total energy used to produce the active a-

over all other responsibilities.

gent (of detergents) alone- and therefore the

They threaten

the responsible use of energy because they demand

resultant air pollution-is probably three times

that the group's energy utilization be maintained

that needed to produce oil for soap manufacture.

and expanded even at the expense of all other

The energy required to produce metal for an alurni-

groups' energy needs.
inum beer can is 6.3 times that needed for a
5.5 The Simplification that the Energy Problem

steel beer can. (6)

can be solved without the development of a variety

Modem progress has often been a thoughtless and

of new sources of energy.
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Since life is an-entropic process, the existence

native sources of energy, the one that promises the

of life is synonymous with the consumption of

most in terms of energy supply is controlled nuclear

energy.

The higher the form of life, the greater

fusion.

If such a process were developed, it would

the consumption of energy needed to maintain full

provide an essentially unlimited supply of energy-

functioning.

effectively by putting in human hands the power of

If human life is intrinsically good

then the consumption of energy is intrinsically

the sun itself.

good.

with technical problems, but its very existence

The question is: How much energy must be

raises the question as to whether the obtaining of

consumed to make life human?
No potential source of energy can be simply ruled
out.

The method is currently fraught

Human needs today and tomorrow call for a

continuation of energy supply.

Adopting any pol

a source of limitless energy would necessarily be
an unmitigated good.
When account is taken of the way in which human be

icy that simply closes the door on the develop

ings have polluted and degraded the environment

ment of coal, nuclear or solar energy seals off

with only limited energy at their disposal, what

possibilities that we may desperately need.

might not be the consequence of unlimited energy?

7. The Simplification that the Energy Problem
can be solved simply by the development of

At the conclusion of an article on nuclear energy,
the author significantly remarks,
Here is a final question. We have never
before been given a virtually infinite
resource of somathincr we crave. So far,
increasingly large amounts of energy
have been used to turn resources into
jurik, from which activity we derive ephemeral benefit and pleasure; the track
record is not too good. What will we do
now? (7)

a variety of new sources of energy.
Each new source of energy introduces problems of
its own.

In the case of broader utilization of

coal, the problans are those of environmental de
gradation and atmospheric pollution.
of nuclear energy,

In the case

it is a problem of technical

safety and political safety.

In the case of

One suspects that even the "ultimate solution" of

solar energy, it is a problem of cost and utili

the energy crisis will but bring heme more sharply

zation of such a distributed source.

than even the lesson that man is in no shape to go

Furthermore there are essential limits on how
much energy can be increased due to simple ther

it alone.

mal consideration on the earth.

8.

If the present

The Sirtplification that a major program of en
ergy conservation is not needed.

standard <bf .living of the rest of the world were
increased to that presently held in the United

It is evident that the waste of energy has both

States, and if during this time the standard of

ethical and very practical consequences.

Energy

living in the United States increased by only a

is a valuable resource of all the people of the

factor of two and the population of the world in

world, and for any p>articular people to be waste

creased by only a factor of tjwo - we will be gen

ful constitutes an affront against humanity.

erating heat due to energy consumption at a rate

thermore energy cannot be used without consequences

Fur

that melting of the polar ice caps is threatened.

on the environment; thus the energy that is used

Given these absolute limits, even the development

must be within the framework of that which is es

of an unlimited energy source does not provide

sential for human life - interpreting that broadly

unlimited solutions.

in terms of physical, aesthetic and spiritual needs.

There is also the question of whether or not we

What conservation means.

can have too much energy in terms of what to do

gy means at least three different things:

with it.

ping certain uses of energy completely, (2) reducing

The conservation of ener
(1) stop

the use of certain sources of energy partially, and

Can we have too much energy? Of all the alter
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(3) using energy more efficiently and putting

solar and wind energy are growing in number, and

waste energy to work.

An absolute reduction in

some of the developments can be adapted for in

oil and gas should be achieved through the sub

dividual existing hemes with or without altera

stitution of domestically available fuels such

tion.

as coal and nuclear (although here there is the
cotmon conflict with environmental concerns that

ger autanebile and taking full advantage of al
ternatives modes of transportation, including of

we discuss further below). The trend in transpor

course the bicycle and the leg muscles in walking

tation toward greater speed and convenience at the

also contribute to energy self-sufficiency. (9)

expense of decreased efficiency of energy use

9.

should be reversed and incentives provided for

The Simplification that energy conservation
itself, if successful, will not cause any

small automobiles, mass transit, and improved
traffic control.

Minimization of the use of the one-passen

problans of its own.

Good energy conservation prac

tices in the home should be encouraged, and im

The present economy,at least in this country, de

provements in construction and insulation support

pends strongly on the expenditure of energy.

ed to decrease energy loss from existing houses.

sic conflicts are certain to be encountered by

Technological advances alone will not solve the

any major attempt to effect a conversion to an

problem.

energy-saving lifestyle, as the success of this

Ba

attempt inevitably results - at least in a lengthy
In the area of agriculture:

more use of natural

transition period - in the loss of job and income

manures, weed and pest control at much smaller

for thousands of people employed in the correspond

energy cost, research by plant breeders for more

ing industries. A major decrease in the demand

suitable stock, a change in eating habits toward

for and tee of the automobile, for example, would

less highly processed foods, control of packaging,

be certain to have drastic effects on the auto

reducing the use of trucks for food transport and

mobile industry, whose health is often taken as
an index of the nation's health.

reconsidering the trend to ever-larger frostless
refrigerators. (8)

The rechanneling

of income to lew-energy-requir

Many of the above suggestions involve both energy

ing pursuits is in itself a major task. As long

conservation and improvements in the efficienty

as a dollar earned is a dollar spent for products

of energy use.

requiring energy use, no decrease in energy use

Self sufficiency.

will occur unless either income is reduced or the

One way to contribute to the

conservation of energy is to attempt to reverse

cost of energy is increased.

the trend by which the individual becomes depen

cost of energy has, in itself, dire effects on the

dent on outside sources for all of his energy

poor and those living on fixed income.

needs:

10.

turning down the thermostat in winter,

The Simplification that energy production is
not in itself destructive of human life and

wearing warmer clothes, shopping less frequently,

values.

doing by hand such jobs as mowing the lawn, mix
ing batter and brushing teeth that have become

The obtaining and the use of energy have always

electrically done in recent years, turning out

been destructive for some members of society.

lights, putting up storm windcws, servicing the

Most of us have not been fully aware of this,

furnace, using broctns and non-electric blankets,

however.

limiting use of television seeking local recrea

It is provocative to ask today, when

there is a good deal of concern about the environ

tions, heme gardening to supply seme of the fami

mental effects of strip mining,why there has been

ly's food needs and use of cooking methods that
minimize energy use.

An increase in the

for so leng so little ccnaem about the effects

Experimental hemes using

of deep-mine work, which under the best of con
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ditions could not help but bring damage to the

were known that each year one million people would

health of the miners and under the worst of con

die or be fatally affected, It is probable that

ditions could be a guarantee of early death.

this source of energy would be judged too expen

If

there is a question about how much society in gen
eral would be willing to give up in order that no

sive in human life.

human being would have to suffer out of proportion

person who would never knowingly kill another,

to the rest, is there not just as much question

leaves a thousand to die just as surely by his in

about how much we would be willing to give up?

action.

So often we sirrply embrace the cultural situation

for another can be a noble and selfless sacrifice;

Suppose the number were one

thousand, one hundred, one? In many contexts, a

For a person to willingly give his life

without exercising actual judgment about it. We

for a person to subject another to a situation

accept that a certain number of people must die

where his life will be taken unwillingly from him,

in order to provide the convenience that the rest

violates most standards.

of us desire; wehope that we are not ourselves

raised here is an old one:

those who must die.

But we must then fact the

and continuously, as a matter of principle, harm

how many probable deaths will we

the few to benefit the many? And can excuse be

basic question:

The moral challenge
can we deliberately

accept in order to get what we want? We know that

sought in ignorance?

the automobile, simply as a projectile, is inevit

After this lcng surtmary of Simplifications that we

ably the cause of the death of thousands of people

cannot support, I am sure that you do not expect

each year, people who would otherwise have lived

me to provide any simple formula for the solution

on to enjoy life. We can add to this toll the

of these problems today.

contribution of the automobile to pollution and

a whole host of specific formulae treating indi

There must, indeed, be

the effect of that on the lives and health of

vidual aspects of the many problems involved, al

thousands* How much can we tolerate? This is the

ways seeking for a best solution in a complex

kind of challenge that we all must face In con

situation, and sometimes with seme regret settling

nection with alternative sources of energy.

^

for the lesser of two undesirable solutions in a
world that is characterized by a reality that de

Nuclear energy, particularly in the form of the
breeder reactor, can be considered as an example.

|

There are three areas of major concern about the
development of such systems:

But such technical inputs are not by

themselves sufficient.

Probably

Such solutions must in

volve a high grade of technical understanding and
know-how.

illegal acts, acci

dents and radioactive waste disposal.

parts from perfection.

Such solutions must also

be guided by a total perspective an human life

"illegal use is .... the most worrisome and least
resolved hazard, and a prime motivation for ex

that upholds the value and dignity of human life
against the exigencies of the moment.

ploring the possibilities of controlled nuclear
fusion." Estimates of danger due to accidents,

|

although statistically small, vary widely, how-

I

Faced with the inmensity and the complexity of the
tasks, we are sometimes irmob.ilized by a confusion
of responsibility and guilt.

ever, and orders of magnitude differences may oc
cur between different estimators; the probability

The concept of responsibility requires the possi

of injury for people living in the vicinity of an

bility of action (ability-to-respond); we are re

accident is obviously much larger than for others,

sponsible to do what we can, but we should not un

and an average over all people can be misleading.

derestimate how much this is.

How many additional probable deaths due directly
or indirectly to the development of new energy

It is important to distinguish clearly between cur
responsibility and our guilt. We are responsible

sources around the world can be tolerated? If it

to atteirpt solutions in whatever ways we have
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ability and opportunity; we are guilty only if we

ownership of a thing begins to take on an ultimate

fail to attempt.

aspect of his thinking-i.e., any time that owner

If groups with which we are as

sociated ccmmit irrmoral acts, we are responsible

ship of a thing becomes so important that loss of

to attanpt to change the situation, but we are

that thing would seriously deprive life of its

not guilty of the acts themselves; if we condone

meaning, he has forgotten the actual order of re

the acts or if we do nothing, then we becone guil

ality and has passed into idolatry.

ty as well.

awareness and acceptance of the human role as care

Thus individual American citizens

It is this

need not feel intrinsically guilty about the large

taker, steward, or deputy in the name of God over

consumption of energy by the society into which

God's world that forms the essential basis for

they were bom-unless they fail to act responsibly

Biblical approach to responsible living with re

in their own utilization of energy and unless they

spect to energy, population, food and the envi

do nothing to alter the pattern of use around than.

ronment.

It is doubtful vhether any longrange solution of

Even with an awareness of the false claims of cul

the energy problem can be found without a basic

tural materialism, however, living responsibly is

change in social value paradigms.

no simple task. A new definition of success is

There are key

elements of the Biblical Judaeo-Christian perspec

required, a definition in terms of being rather

tive of faith that seen to me to be particularly

than in terms of having. A new definition of ne

applicable to the problans related to energy and

cessity and luxury is required, a definition that

the environment.

does not allow luxuries to becore necessities with

Basic to a Biblical view is the concept of steward

out conscientious reflection, and yet takes full
account of the aesthetic as well as the physical

ship. Although this tern is an old one, one that

needs of human beings.

extended to the totality of personal life, it has
tended to becane spiritualized and religicized to

God requires that His people be faithful.

mean little more than contributions to the churdh's

not premisesuccess necessarily, but he also does

financial needs.

not allow the unlikelihood of success as an excuse

But such offerings are only a

He does

small portion of the total claims of Biblical

for disobedience.

stewardship.

attempts at responsible stewardship are constantly

The concept of stewardship extends

frustrated by a multitude of factors:

to cover what one does at hone, at work, and at
play as well as at church.

In the world in which we live,
cultural

styles, unconcern of others, powerlessness to make

Social evils must be

recognized as heinous and as destructive as in

major changes, political practices-the very struc

dividual evils.

ture of society itself. Perhaps the greatest chal

Life and its problems must be

faced by whole men and wcmen with an integrated

lenge is to exercise responsible stewardship in a

technical and moral perspective that embraces

situation where such stewardship is discouraged

every aspect of human responsibility.

and all but made impossible.

Biblical stewardship is based on the position that

The individual can be a faithful steward of energy

ownership can never be ultimate and must always be

by living himself in a way that reflects a desire

temporary.

to be responsible both to the present and the

The universe and all that is in it be

long ultimately to God alone.

future.

We understand our

This challenge is both to be personally

role clearest when we see ourselves as caretakers

faithful and hence symbolic, each person living

of what God has for a short time allowed to rest

in a way that reflects a desire to be responsible,

in our hands. Any time that a person's concept

and also collectively faithful and politically ef

of ownership of a thing begins to take on an ul

fective, together striving toward greater social

timate aspect of his thinking-i.e., any time that

consciousness and improved social practice.
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HOUSEHOLD RECYCLING - A POTENTIAL COMMUNITY SERVICE
OPPORTUNITY FOR CONCERNED ENGINEERS
James P. Bosscher
Engineering Department
Calvin College
Grand Rapids, Michigan
(on sabbatical to UMR, 1976-1977 school year)

Abstract
Initially, the multiple societal and environmental dividends of and
imperatives for source-separation, household recycling for a con
cerned community are delineated and evaluated.
Next, three proven models for the establishment of a separationbased community recycling enterprise are described and contrasted.
They are (a) The all-volunteer effort, (b) the non-profit corpora
tion, and (c) the municipal operation.
Finally, a series of low-cost, "battle-tested" recycling devices
constructed from "junk" and "off-the-shelf" components to aid in
the implementation of a community recycling enterprise are
presented and plans provided.
I'd like to think that engineers are sen

(as opposed to resource burial) and there

sitive and aware with respect to social

by illustrate their awareness and concern.

problems and desirous of living-out that,

Source-separation recycling asks the

awareness and concern in their home com

householder to sort out all recyclables

munities where they can make a special

from household waste and, after a few ele

contribution related to their personal

mental operations depending on the commun

expertise and give example and inspira

ity (such as removing metal from bottles),

tion to their neighbors— especially young

is asked to deposit the recovered mate-

neighbors.

tial somewhere— at the curb, at the store,

Today I'd wish to espouse the potential

or at the recycling center.

of source-separation, household recycling

action which takes this form has distinct

as an excellent community service oppor

advantages, I believe, over the model
which combines all household waste and

tunity whereby engineers (and other pro
fessionals as well) can input the press

Recycling

then proceeds to sort out individual com
ponents to effect recovery.

ing social problem of resource recovery
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For me the
)

benefits of the separation-based opera
tion are:

inner-city, or delinquent
youth— a real societal plus.

(1) The technology is far less com

In addition to the particular benefits of

plex and of much lower cost; there

separation-based household resource recov

fore, it can be much more readily

ery, there are more general dividends and

implemented and maintained.

imperatives that make action in this type

(2) Because of operations performed by

of program most natural for the concerned
professional.
follows:

the individual householder (sort
ing and elemental processing) the

These might be given as

expenditure of money and energy
for retrieval is markedly reduced.

(1) Solid waste disposal is costly in
energy and dollars— as much as

(3) In as much as the technology is

$35.00 a ton in some cities.

simple and capital expenditures

(2) Recycled materials are able to

modest, this type of recovery

provide about 40% of the material

system is well-suited for both

requirements for manufacturing and

large and small communities.

thereby could (a) relieve pressure

(4) There are some real and valid

on energy and material resources,

societal dividends related to

(b) cut foreign procurement and

this form of resource recovery for

dependence,

the home.

on our balance of payments, and

Among them are:

(a) Stewardship and thrift as

(d) provide many additional jobs

related to resources is

in resource recovery operations.

brought immediately into the

(3) Recycling consumes less energy per

home and made a way of life
for the young.

(c) relieve pressure

ton to arrive at material ready

This is vital

for manufacturing use.

in an age of increasing scar
ify.

A case in

point is aluminum where the recyc
led material consumes 80% less

(b) Involvement with respect to

energy than that processed from

the community and its desire

the basic bauxite ore.

to recover and not to bury

(4) Resources, once landfilled, are

basic resources is an active

difficult to retrieve— process is

on-going matter relating to

costly in energy and dollars.

community spirit and pride.
(c) Attitude changes may be affec

(5) Use of primary (from virgin
sources) materials tend to load

ted which are necessary for

the environment with emissions and

thoughtful and responsible

solid and waterborne pollution.

behavior in a future where

Environmental impact could be sub
stantially reduced by expanded

limits to growth and curtail
ment of personal acquisitions

recycling efforts.

may be a way of life.
To popularize recycling and give it a

(d) Splendid opportunity to give

"fair shake" economically there are cer

employment to local young

tain current "givens" that should be

people such as handicapped,
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altered.

Briefly stated, these are:

1. Many production facilities pres

publicity, establishment of need,

ently in use are capable of only

and community spirit.

modest use of secondary materials.

3. Check available markets for each

Governmental policy re-incentives

type of material and determine

for conversion to new technologies

prices, volume-minimum or maximum,

supportive of recycling must be

and transportation distances.

provided.
4. Determine "pick-up", transportation,
2. Governmental tax policies presently

processing, and "start-up" costs.

favor the extractive (mining, etc.)
5. Decide on mode of operation and type
of personnel; volunteers, govern

industries with respect to (a) cap
ital gains, (b) treatment of pro
fits, (c) depreciation schedules,

ment-supported employees (NYC, JobCorps, state delinquent-wards,

(d) depletion allowances, and (e)
tax write-offs.

CETA), handicapped or sheltered-

Solution might be

workshop, or regular employees

tax credits for recycling and, or

fully paid by the operation.

modification of present policy to
give equity to recycled materials.

6. Arrange support by local education,
governmental, service agencies, and

3. Transportation costs, as governed

foundations— the amount and type

by rail and motor freight rates,

related to mode of operation, in

discriminate against secondary mat
erials.

genuity, and persistance.

Governmental agencies

which control these rates must be

After assessment of some of the major

forced to face up to an era where

givens and constraints, one must decide on

incentives to expand extractive

a basic mode of operation for the recycl

operations are out-of-date--today

ing operation.

resource recovery should be en

defined general styles possible with re

couraged.

There are three loosely

spect to mode of operation.

The most com

pressed method of providing information and

Assuming you now sense the dividends and

contrast may be with the table on the

imperatives for this type of recycling,

following page.

what are the matters you should check to
determine the form and direction your re

Finally, I'd like to present a series of

cycling enterprise might take.

low-cost, generally "battle-tested" re

Among

cycling devices constructed primarily from

areas of concern are the following:

"junk" and/or, "off-the-shelf" components

1. Check kinds of input you might ex

to aid in the implementation of a commu
nity recycling enterprise. These were

pect from households in your com
munity.

Among these might be (a)

bottles - glass and plastic,

designed, constructed, and evaluated by

(b)

the Calvin College Engineering students in

metal cans - "tin", bimetallic,
and aluminum,

(c) newspaper,

a series of projects over the last four

(d)

years.

corrugated cardboard.

The first three are in regular use

in a recycling enterprise of the non

2. Estimate possible levels of input

profit corporation form in Grand Rapids;

of each type of material--level of
cooperation.
In voluntary systems,

the fourth unit is recently completed and
awaits testing and evaluation.

key factors relate to degree of
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Plans for

MODE OF OPERATION
Operation

All Volunteer

Variables

Effort

Sponsors

Municipal

Non-Profit Private

Operation

Corporation

Governing group of

Governing group of

Public works depart

concerned citizens

concerned citizens

ment of local govern
ment

Workers

Citizen Volunteers

Volunteers, "Fully-

Public works

Paid" employees,

employees

Government-supported
employees
Fund

Revenue from recycled

Revenue from' recycled

Public funds and

Sources

materials, private

materials, private

Revenue from recycled
material

sources, and possible

sources, and possible

government support

government support

Pick-Up

Generally at recycling

Single point, generally

Single point, multiple

Schemes

center-single point

multiple pickup

generally curbside

stations, or curbside
Labor
Modest

Excellent

Modest to Good

Key

Resource recovery,

Resource recovery,

Recource recovery

Benefits

Immediate community

Employment of handi

near total citizen

involvement

capped and disad

involvement

Intensive
Potential

vantaged
Major

Equipment, Volunteers,

Equipment, Money,

Commitment, Effi

Problems

Cooperation

Cooperation

ciency, Equipment

the first three units are included.

spindles and sheels, and structural

They

steel is limited primarily by the

are:
1. A bottle smasher employing a 55

ability to feed it adequately.

gallon drum, lengths of 3/8" chain,

3. A plastic-bottle shredder knifing

and a 1/3 horsepower motor from a

the plastic into small flakes with

retired automatic washer.

rotary lawn-mower blades driven on

This

unit easily smashes 5000 lbs of

the end of a one horsepower motor.

glass per hour.

This is used primarily to shred
polyethylene milk containers.

2. A can smasher using sand-filled,
wide-oval tires running against

The final unit is a recycling trailer

each other, friction driven by a

which incorporates the three units

small diameter wide pulley attached
to a 1 1/2 horsepower motor.

This

described previously.

Designed to be

pulled behind a conventional packer-truck,

device utilizing automotive

the trailer has storage bins with sloping
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bottoms to allow rapid unloading using a

of a recycling organization in Grand

tractor with front-loading equipment.

Rapids, Michigan.

Householders are asked to separate their
waste into recyclables (includes glass
and plastic bottles, metal cans, news
paper, and corrugated cardboard) and nonrecyclables; and, there are additional
bins for baled newspaper and flattened
cardboard on the unit.

A proposal accom

panying the trailer suggests a paved re
cycling site where the front-end loading
tractor unloads the bins into recycled
semi-trailers used for storage and trans
port.

The mixed cans are separated mag

netically at the top of the conveyor that
feeds the semi-trailers devoted to alumi
num and steel cans.

Trailers set aside

for newspaper and corrugated cardboard are
closed-top units; those for glass, cans
and plastic are open-top.

These devices

we happily share with you in hopes that
you will sense the potential, the longrange dividends, and the very real possi
bility of initiating a viable recourse
recovery effort in your community.

In

1976, recycling is a good American exer
cise .
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"HOME WINTERIZATION FOR POOR ELDERLY"

-A MODEL OF VALUE CLARIFICATION IN THE ENERGY CRISISClayton L. Smith
United Ministries in Higher Education
University of Missouri-Rolla
Abstract
The main intention of this paper will be to demonstrate a practical and proven
model for helping those who suffer because of the energy crisis now. It will
illustrate with the aid of audio—visuals what is being done for the poor elderly
in this area to help them practice energy conservation. Last year, for example,
nearly three hundred U.M.R. students directed by a V.I.S.T.A. worker (Volunteers
in Service To America) winterized nearly fifty homes. Engineering students were
able to demonstrate their skills and at the same experience an intergenerational
ministry.
The poor elderly are those persons in our society today that suffer the most
from the high cost of energy. Their housing and health needs are critical.
Case illustrations will be made to clarify the human values involved as well as
to suggest organizational methods to meet their needs.
From this session one will also see the volunteer model used at U.M.R. as a
viable approach for other communities where student volunteers are available.
1. THE NEED

on the quality of life.

Home fuel and utility prices have nearly doubled

The following scenario may illustrate the need for

in a time period of only three years.

home winterization for poor elderly:

The price

In the 1970

of oil on the world market has quadrupled since

census of Phelps County there were 4,206 low-

October, 1973.

income elderly.

Suggestions of increased taxation

Of this number 80 per cent indi

along with the anticipated general inflationary

cated the need for housing repair and a lack of

trend, are producing an unquestionable need for

income to cover the needed repairs. The average

conserving home energy.

This need ranges from

age of the homes in Phelps County was forty years.

practical and economically sound to the desperatly

Most of these low income elderly had been rural

imperative.

farmers and in many cases had limited Social

The home consumes from 14 to 20 per

cent of the energy nationally utilized.

Security or State old-age assistance.

The practical reasons for conserving energy are

With the financial paradox, "You have to spend

health, personal comfort, economic necessity, and

money to save money," coupled with the easily

for some, family survival.

forgotten desire to conserve nonrenewable resources

The main concern of

this paper will be directed toward the last reason.

for the future, the goal becomes, "How to save the

That is, there are many persons who are presently

most while spending the least." Poor elderly are

suffering because of the energy crisis which has

caught in this paradox.

added to their economic struggle for survival.

In

Many can not afford to

save. They can only suffer.

particular, poor elderly are presently a most

They have three

problems that are acute when it comes to home

tragic example of the impact of the energy crisis

energy conservation.
298

First, there is a reduction

of income due to retirement.

Secondly, the cost

U.M.R. begins the second year of our student

of home repairs and materials has risen dramati

volunteer home winterization program for the elder

cally.

ly of Phelps County.

And thirdly, the aging process lessens the

This model program has be

ability to do home repairs and winterization by

come an effective way to conserve energy and at

the do-it-yourself method.

the same time, alleviate the acute housing problems
of the elderly.

As a consequence, poor elderly often feel helpless.
Their homes become run down, the neighborhood

Perhaps, this unique service of

engineering ministry can suggest a larger plan for
developing volunteers in energy conservation.

deterioates, many have to give up their life-long
homes.

This program has been made possible because of an

And when this happens the next step is

ecumenical commitment of the local U.M.H.E. Board

either becoming institutionalized or death.
Others lose their sense of pride an dignity.

In

in cooperation with the Phelps County Health

the long run the tax base decreases, resulting

Department and the local Action Council.

in less services for the elderly.

leadership has come from the Volunteers in Service
to America Workers.

Phelps County is not unique in terms of the large
percentage of low income elderly.

Special

It might be helpful to look

at this model program and its history.

Missouri, like

most other states in the Midwest, has a growing

Two years ago I was helping students cut and de

number of elderly, most of whom are not prepared

liver free firewood to the poor and elderly of

to meet the high cost of living today especially

the Rolla area.

in the face of the energy crisis.

it became apparent that these homes were inade

After making several deliveries,

quately insulated against the weather.
Of course, most of us are not prepared to cope
with the energy crisis.

Chancellor Raymond Bis-

plinghoff has made some important predictions that
need to be emphasized when speaking about the ener*
gy crisis.

He said, "Many people take for granted

that the present energy crisis will eventually be
taken care of.

The feeling is that if we have the

technology to put a man on the moon, we can surely
keep our lights burning." He goes on to say,
"Things are going to get worse before they get
better."*

The Chancellor predicts that the United

States is entering into a period of declining
standard of living.

one home which had only cardboard windows where
the glass had been broken out.

The owner of the

home was an elderly widow who lived alone with
no one to help her maintain her home. From this
experience came the desire to develop some plan
to help.

When Father Don Lammers and I learned

that United Ministries in Higher Education could
make application for a V.I.S.T.A. worker we felt
our prayers of concern had been answered.

The

V.I.S.T.A. worker could add a new dimension to
our already on-going student volunteer project
ministry.

For most of us the energy crisis will change, or
should I say is changing, our standard of living.

In July of 1975, Paul Kelley arrived as the first
V.I.S.T.A. worker who would concentrate his efforts

But for our poor elderly neighbors the energy and

toward improving the housing conditions of the

associated economic crisis may change their chance

elderly through winterization and energy conserva

of survival.

tion efforts.

He was under the supervision of

the two U.M.H.E. chaplains.

2. THE PLAN

A six-step plan was

developed.

Student volunteer service projects to the poor

(1) The Identification phase— The V.I.S.T.A.

elderly have become a model for value clarifiestion which has had some proven success.

The need

for a home winterization program was obvious at

worker would locate homes to be winter-

This

fall United Ministries in Higher Education at
* Remarks made to the Society of Minin I Engineers at U.M.R., September 23,1975.
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ized.

their service during the first year.

(2) The Inspection phase— The V.I.S.T.A.

The goal for this year's home winterization and

worker and the student coordinator would

safety program is one hundred and fifty homes.

inspect the homes to determine what

With the success of the past year and the present

repairs and improvements were necessary.

need of the Phelps County area, this goal seems

(3) The Analysis phase— The home owner, the

■reachable.

V.I.S.T.A. worker, and the student coor

Mr. Lyle Jackson, the new V.I.S.T.A.

worker is providing his expertise and experience

dinator would determine the priority of

to this year's effort for the elderly.

the improvements and the costs and labor
necessary.

3. ANOTHER MODEL OF HOME ENERGY CONSERVATION

Funding to help poor elderly

was made available through the Central

There are many national programs being developed

Missouri Area Association for Aging and

for home energy conservation.

United Ministries in Higher Education.

particular interest to this discussion is at the

(4) The Report phase--The V.I.S.T.A. worker

Center of Enviromental Studies at Princeton

would prepare a written report of the
home inspected.

One which has

University.

This report would go

It recently released a report of

their scientific findings in a popular national

to the homeowner, the campus chaplains,

magazine.

and a student volunteer group that

household energy use.

agreed to do the project.

psychologists, as well as engineers, statisticians,

(5) The Project phase— The student project

They conducted a four year study of

and mathematicians.

would be done under the direction of the

It was done by a team of
It was funded by the Federal

Energy Research and Development Administration.

V.I.S.T.A. worker who would make sure

During this study they interviewed residents of

that the materials were available.

Twin Rivers, which is a bedroom community that has

Each

student organization was organized by

uniform housing construction and design.

one or several student project directors.

were monitored by thermometers, infra-red scanners,

(6) The Evaluation phase— A written report
was completed and filed.

and other sensors.

This report

Homes

Their conclusions about energy

was reproduced as a matter of record.

waste are as follows:
(1) Only slightly more than half the heat

During the first year of this effort forty-six

generated in the gas burners actually

homes were winterized.

reach the rooms on the first floor be

Twenty-nine received

permanent storm windows.

cause of design deficiencies in the

Ten homes received

temporary plastic storm windows.

heating system.

Fourteen re

ceived ceiling insulation and two others also
received wall insulation.

Drafts further reduced

the heat in upstairs rooms by one-third.
(2) Half the thermostats in the houses

Other home improve

examined were inaccurate by a degee or

ments included electrical wiring, caulking for
heat loss, scrapping, painting, and putting

more, an amount that can mean a differ

windows, weather stripping doors, roof repairs,

ence of from 4 to 5 percent in a winter
heating bill.

and other minor home repairs.

(3) Storm windows insulate much better than
All this was accomplished by the engineering

sealed, double-paned windows because

skills and concern of students at U.M.R. and

they provide an extra air seal that helps

several other community service organizations.

reduce heat loss.

More than three hundred U.M.R. students gave

(4) Pilot lights consume a staggering 42

300

percent of the total gas used in gas

gious values of faith and works.

stoves and 9 percent of half that used

The involvement of these student volunteers to

in gas furnaces.

help in the home winterization of poor elderly

(5) Using fossil fuels to generate electri

has produced several other benefits or values

city is an extremely inefficient pro

that need to be further clarified.

cess.
This program has provided an experiential learning
This study had some practical results that are
also interesting to this discussion.

project for students who can put their special

They hired

engineering abilities and knowledge to work.

contractors to recaulk windows, seal doors,

Secondly, there is a valuable intergenerational

stuff insulation into all uninsulated openings

exchange between the students and the senior home

throughout the houses and covered water heaters,

owners.

furnaces, and ducts with two-inch thick insula

Thirdly, the elderly are able to remain

in their own homes and keep their pride and self

tion. The cost was about $400 per home, and it

dignity.

should pay for itself in three years.*

consumption by the proper insulation of older homes.
This supports the national policy of conservation.

4. THE BENEFITS

And finally, students are able to see the real

The home energy conservation project for poor

benefits of social concern and ministry of service

elderly has benefits that can also be measured.

in practical ways.

In one case records of the particular heating

5. VALUE CLARIFICATION

bills were compared as to the gas consumption
before and after the installation of storm win
dows.

The above mentioned benefits have significance

In this case, Mrs. M. saved nearly 200

gallons of fuel.

Fourth, there is a reduction of fuel

as they relate to the home winterization projects

There are even more significant

but the lasting benefits need further clarifica

benefits for the student volunteers that are not

tion.

as easily measured.

as adding a moral dimension to their experience

United Ministries in Higher Education has a ten

in higher education.

year history of student engineering service pro

experience the values of conservation, steward

jects. The importance of the student volunteerism

ship, and commitment?

has become more evident recently as recognition

Alan Pifer, President of the Carnegie Corporation

has come from local, state, and national bodies.

of New York, made the following remarks in a

Most recently, the National Center of Voluntary

commencement address at the University of Notre

Action has awarded two Citations of 86 given
nationally to the Gamma Alpha Delta service

Dame:
"Are colleges worthy of the young? To be so,

fraternity and the Wesley Foundation.

he says, they must deal with students' instinctive

But these

This experience for students can be seen
What better way can students

awards are only indicative of several important

sense of moral awareness.... Many of the young

values inherent in this student engineering

people of the past decade and today are considered

project ministry.

to have a profound sense of moral awareness, to

For example, the Gamma Alpha Delta service

be a truly moral generation.

fraternity is based on the three values of know

injustices, the hypocrisy, the baseness they

ledge, service, and love.

have observed in the adult world, they have

The Newman Center and

Outraged at the

the Wesley Foundation see their volunteer service

expressed their moral concern by rejecting

to those of special need as based on basic reli-

the materialistic values and conventions of older

* Newsweek, October 11, 1976, page 54

30)

generations and by seeking personal redemption
in protest movements, new life styles, and ser
vice to the community."*
Pifer goes on to say that this generation is not
unique in moral awareness.

But he hopes that

this generation will be different in that higher
education will provide the opportunity for stu
dents to receive moral content and meaning.
The role of higher education in meeting the need
for moral awareness seems vital in the face of
the energy crisis.

This model of student

volunteerism displays some of the values necessary
in facing a future where less will be best and
a future already being called an age of scarcity.
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NUCLEAR SAFEGUARDS
Jay 0. Hunze
U. S. Energy Research and Development Administration
Chicago Operations Office

Abstract
Nuclear safeguards Is an Important Issue which bears on the poten
tial usage of nuclear energy as a viable electric power source and
an understanding of the Issues and problems Is necessary to resolve
this Issue. ERDA has a comprehensive and coordinated program
directed toward providing the necessary base, both informational
and hardware related, to resolve these issues.
Nuclear safeguards Is a current Issue

safeguards, why it has taken on added im

which will obviously bear on the potential

portance and what ERDA is doing in the

use of one of our energy resources.

safeguards area.

There

are serious questions being raised now

So that we all operate today from a common

with respect to this issue which must be

base, I would like to start by defining

addressed and brought to bear on critical

some terms.

decisions concerning fuel reprocessing,

initions.

use of mixed-oxide fuels and commerciali

These are text book-type def
The first definition by rights

is nuclear safeguards.

zation of the breeder reactor.
Nuclear Safeguards is a collective term
Nuclear safeguards, much like nuclear

that comprises those measures designed to

safety is a topic around which much emo

guard against the diversion of material as

tionalism is easily generated, charges

source and special nuclear material from

and counter charges are frequently made

uses permitted by law or treaty and to

and absolute assurances are not possible.

give timely indication of possible diver

As a result, an old question comes back

sion or credible assurance that no diver

to haunt us ... "How safe Is safe enough?"

sion has occurred.

This question can really only be answered
by an informed and knowledgeable public

Within that definition there are two terms

with a full understanding of all the con

which also need to be defined; source

sideration involved.

material and special nuclear material.

Since we do not

live in a riskless society, we must make

Source material is simply uranium which

a societal determination based on some

contains the mixture of isotopes occurring

form of a risk-benefit concept.

in nature, depleted uranium or thorium.

I do not propose today to try to tell you

Special nuclear material is uranium which

how to do that, but what I do want to do

has been enriched in either 233 or 235 and
plutonium.

is provide you with some understanding of
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The nuclear safeguards definition also

nal dose that is less than 100 rems

uses the word measures.

per hour, at a distance of three

Measures may in

feet from any accessible surface

clude, but are not limited to:
(1)

Maintenance and verification of

without intervening shielding

records of receipt, shipments and

material.

periodic inventories

These quantities are derived from amounts

(2)

Physical protection

required for the fabrication of a nuclear

(3)

Reliability standards for indivi

explosive device.

duals having access to safe-guarded
Another term which has received a great

materials
(4)

deal of notoriety is material unaccounted

Inspection of nuclear facilities to

for or MUF.

provide assurance that no diversion
(5)
(6)
(7)

has occurred

Material Unaccounted For is the algebraic

Physical methods to detect or

difference between a physical inventory

measure loss of materials

and its concomitant book inventory after

Penal provisions to deter theft or

determining that all known removals (such

diversion

as accidental losses, normal operational

Reward provisions such as those

losses, and authorized write-offs) have

provided by the Atomic Weapons and

been reflected in the book inventory.

Special Nuclear Materials Rewards

One must be careful as to the meaning and

Act under Public Law 93-377

importance which is ascribed to any MUF

Another term commonly used in safeguards

value.

work Is strategic quantities.

or negative and can vary from time to

This is

MUF values can be either positive

also sometimes referred to as trigger

time as a result of accounting adjustments,

quantities or threshold quantities.

rounding differences, measurement tech
niques and simple arithmetic errors.

Strategic Quantities are:
A.

Book/Physical Inventory Difference, BPID,

Uranium 235 (contained in uranium

is probably more descriptive than MUF.

enriched 20 percent or more in

Nuclear safeguards are important because

uranium 235 isotope) alone, or in

B.

combination with plutonium and/or

from all current indications, nuclear

uranium 233, when (multiplying the

generated electricity is an energy option

plutonium and/or uranium 233 con

which is and will continue to be exercised

tent by 2.5) the total is 5,000

in the U.S. at least for the short-term

grams (5 kg's) or more.

future with many more nuclear generating

Plutonium 2 3 8 , 239 and 24l and/or

stations including breeder reactors.

uranium 233 when the plutonium

Furthermore, whether we like it or not,

and/or uranium 233 content is 2,000

nuclear energy as a world electric power

grams (2 kg's) or more.
C.

source is becoming a fact of life.

Uranium 235, plutonium 2 3 8 , 239

Over

thirty countries already have, or have be

241 and uranium 233 as specified

gin work on nuclear power reactors, and

in "A" and "B" above that is readi
ly separable from other radioactive
material and when the total radio

many others have some nuclear capability.
Regardless of what we do In the U.S.,
It is likely that world-wide nuclear

active material delivers an exter

energy will continue to grow as a power
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source until it can be economically re

could pose threats to nuclear plants and

placed by some alternate source such as

special materials.

solar or fusion.

performed on the vulnerability of facili
ties in the nuclear fuel cycle using a

As a result of this expanded use of nuclear

spectrum of possible overt and covert acts

fission energy, more and more enriched

of sabotage or diversion.

uranium and plutonium will become avail
able.

If one looks at the nuclear fuel cycle, it

Basic concern then stems from two

rather simple facts:

1.

Evaluations are being

is relatively easy to identify those

U and Pu are

materials from which very devastating ex

portions of the cycle where a practical

plosive devices can be fabricated; and

safeguards concern exists.

2.

the current light water reactor fuel cycle

Pu is a very toxic substance.

which has not yet closed itself through

The aforementioned facts are further am

the reprocessing stage actually presents

plified in importance since the passage of

little of practical safeguards concern

the Atomic Energy Act of 1954, as amended,

from the initial mining step to the spent

which gave rise to the well known Atoms

fuel transportation and storage steps.

For Peace Program, and large quantities

While there are no practical safeguards

of privately-owned special nuclear mate

concerns based on the previous definition

rial of strategic value are now available
in the commercial sector.

where safeguards Is limited to theft or

Also, a great

diversion, It is recognized that there

deal of information on the principles of

are still real concerns in parts of the

nuclear weapon fabrication is readily
available due to a major effort in declass
ification.

As an example,

cycle about potential terrorist acts and
sabotage which must be addressed.

Coupled with these items,

terrorist activities have emerged in

Now as we close that cycle and add re

recent years on a dramatic scale through

processing and possible mixed oxide fuel

out the world.

usage we have significantly increased our
areas of practical safeguards concerns.

The Increase of terrorist and politically

If nuclear energy is to become a viable

militant acts not only in other countries

energy option we must close the fuel cycle

but in the U.S. too have resulted in a

and face these problems.

greater emphasis on research and develop
ment of special nuclear materials safe

In general, the policies and techniques

guards.

developed to protect nuclear material In

To guide its R and D program ERDA

one facility or shipment are applicable

has identified the following threats to

to protection of the same kind of nuclear

which its safeguards program is aimed:
1.

materials in other facilities or shipments.

Terrorist-type attacks involving

Physical protection systems, whether for a

theft and sabotage at facilities or

light water reactor or a fuel fabrication

during transit; and
2.

facility, employ the same elements and are

Thefts by knowledgeable employees

based on the same principles of defense-

or groups having legitimate access

in-depth, although the particular mix of

to special nuclear materials, or

elements will depend on the specific fac

persons having no authorized access.

ility, and the amount, form, and enrich
ERDA is conducting a comprehensive threat

ment of special nuclear material.

analysis study to identify motivation and

is little, if any, difference between the

capabilities of personnel and groups who
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There

type and number of measurements needed to

lish vulnerability criteria and identify

account for the plutonium recycle and

possible consequences.

those for a liquid metal fast breeder
reactor fuel fabrication facility.

then possible counteratlons can be identi

Once this is done

fied and interactions between the two can

The general objective of the nation's

be modeled.

safeguards program, which is being sup

models is being validated by actual in-

ported by ERDA, is to prevent successful
unlawful acts involving nuclear materials

the-field testing performed at existing
ERDA facilities.

and facilities.

ERDA is continuing to tighten its own

This objective can be

The performance of these

met through an in-depth approach that

requirements for containment, control and

looks to:

accountability of SNM, concurrently with

1. deterring attempts, 2. mini

mizing possibilities of success, and 3.

the development of new measurement and

minimizing consequences.

physical security hardware and systems.

ERDA's approach to the safeguarding of

These involve use of portal monitors which

nuclear facilities and materials Is one

have been developed and are now commer

of a systematic analysis to determine the

cially available that can detect a gram or

most cost-effective measures that will

less of unshielded plutonium on a person

guard against the sabotage of nuclear

passing through the portal monitor.

More

facilities and/or the illegal removal of

sensitive and foolproof personnel and

nuclear material over a wide range of

package monitors are under development.

possible adverse actions.

Sensitive portable instruments have been

The goal is to

arrive at the design of an integrated

developed to search for nuclear materials

safeguards system for a specific class of
nuclear facility (for example, a fuel

tensive development and application is

in vehicles and other hiding places.

element fabrication plant or reprocessing

being made of on-line non-destructive

plant) that can be implemented and to In

assay methods, on-line inventory, and

stall the system in a commercial scale

highly automated and protected process

operation to demonstrate both Its safe

operations to minimize access to SNM.

Ex

guards, adequacy and Its cost effective

Process operations and vaults are being

ness.

designed to help deter theft and diversion

To achieve this goal, ERDA uses a

combination of employee trustworthiness

of SNM, and will incorporate alarms,

determination (security clearance), physi

warning systems, and tamper-safe features.

cal protection and material control and
accountability.

A systematic design of the total system,

For every class of facility a wide combi

highly automated high throughput process

interfacing with the requirements of a

nation of adversary actions is possible.

line operation, will achieve maximum pro

This requires the application of adversary

tection for a given investment.

path analysis to the facility class under

ment of design principles and criteria for
this system is underway now.

study.

Here the fundamental material

Develop

processing procedures and proposed plant

Since material in transport is recognized

siting design and construction features

to be inherently more vulnerable to theft,

are scrutinized and modeled against all

sophisticated systems have been designed

possible credible adversary actions

to protect it.

(covert-overt and combination) to estab

vehicles with armored cabs and trailers
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These include safe, secure

with numerous protective and disabling

systems against terrorist acts or criminal

devices; armed escorts with orders to use

diversions.

ERDA hosts representatives

their weapons to prevent the theft of SNM,

from foreign countries in the U.S. for

point-to-point shipments with no loading

such tehnical exchanges.

or unloading between points, a nationwide

Minimizing the consequences of a theft or

communications system which enables truck

terrorist action involving special nuclear

occupants to call for help or automatical

material is another part of the system.

ly signal need for help In the event of an

Search and recovery of nuclear material

overt action, preferential routing, con

Is a joint ERDA and FBI responsibility.

tinuous surveillance, and preplanning to
assure delivery at a time when the receiv

The Federal Bureau of Investigation has
statutory responsibility for investigating

ing facility is available to accept ship

all alleged, suspected or actual criminal

ment .

violations of the Federal code.

This approach has been in use for some

would support the FBI with specialized

time in the nuclear weapons program and

technical assistance which includes

has been under continuous improvement.

special expertise and equipment.

All ERDA special nuclear materials ship

ERDA maintains an HQ (Washington) based

ERDA

ments which involve strategic quantities

staff which is considered the program

are being shipped this way.

division for the ERDA safeguards and

ERDA considers U.S. national security to

security program.

dictate that nuclear materials and facili

divided into nine elements or tasks which

ties, wherever they appear In the world,

are grouped into two 'major responsibili

should be effectively safeguarded against

ties areas.

malevolent acts.

SAFEGUARDS DESIGN AND DEVELOPMENT
Characterize threat
TASK I
Conceptual design, development,
TASK II

In terms of material

theft, such acts anywhere In the world
could pose a direct threat of nuclear
violence against U.S. or other cities of
the world.

TASK III

Their program scope is

They are:

and analysis
Technology, equipment, and

ERDA has two distinct safeguards activi

modular system development/test

ties directly related to International

and evaluation in operating

safeguards.

environment

The first is strong support
TASK IV

of IAEA safeguards and contribution to

Integrated system design (plant

their continued development and effective

specific)/installation and test

ness Improvement.

and evaluation in operating en

ERDA provides IAEA with

vironment

access to safeguards research and develop
addition, ERDA continues to offer and

SAFEGUARDS OPERATIONS
Assessments and Inspections
TASK V

provide technical experts to assist the

TASK VI

Personnel clearance program

IAEA whenever called upon.

TASK VII

Nuclear materials management

ment programs carried out in the U.S.

In

and safeguards system (NMMSS)

The second ERDA activity is a bilateral
activity whereby ERDA carries out detail
ed technical exchanges with other countries
developing nuclear power capability to

TASK VIII

International activities

TASK IX

Safeguards Analytical Laboratory
(New Brunswick Laboratory)

The safeguards design and development tasks

provide a basis for comparable protective
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relate to the sequential steps of solving

Biographical Sketch

safeguards problems in both a generic and
specific manner.

A 1961 graduate of the University of

All design and develop

Missouri at Rolla with a

ment tasks are conducted in view of neu

B.S. in Metal

lurgical Engineering-Nuclear Option.

tralizing efforts of any adversary or

He

then took one year of post graduate courses

adversaries.

(University of Missouri at Rolla) in

The products of the first four tasks are

Nuclear Engineering before accepting a

designed to develop, assess, and assure

position with the Atomic Energy Commission.

the availability of cost effective safe

After joining the AEC in 1962, he spent

guards systems for application to the com

four months taking additional graduate

mercial fuel cycles.

level courses at the International Insti

provide:

These efforts also

1. safeguards systems and tech

tute of Nuclear Science and Engineering

nology to allow improvement of ERDA facil

at the Argonne National Laboratory plus

ity safeguards; and 2. for the transfer to

five months working at Atomics Inter

industry of the equipment and systems de

national before returning to the Chicago

signs developed in the ERDA program.

Operations Office of the AEC as a Reactor

The second five tasks are all generally

Safety Engineer.

related to ERDA's own operations and fac

positions of Reactor Safety Engineer,

He worked in the various

ilities and will not be elaborated on here.

Assistant Director and Deputy Director of
the Chicago Operations Office Safety Div

ERDA's safeguards budget has Increased

ision until March of this year when he

from $84.2 million in PY 1975 to $127.6

became Director of the Safeguards and

million in FY 1976 and $160.2 million in
FY 1977-

Security Division at the Chicago Office.

These monies not only provide

for improvement of safeguards measures at

Present responsibilities include the

ERDA facilities, but acceleration of ef

nuclear safeguards, security and materials

forts toward an integrated concept of

management for those operations under the

safeguards for the power reactor fuel

cognizance

cycle.

Office of the U.S. ERDA.

Further increases are anticipated

as this research and development proceeds
to a full scale demonstration of various
systems for typical classes of facilities.
It is ERDA's plan to keep safeguards tech
nology under continuing review for the
purpose of optimizing cost effectiveness
and maintaining an up-to-date capability
and technology base in this important
area.

^

Nuclear Energy and National Security,
A Statement by the Research and
Policy Committee of the Committee
for Economic Development, September,
1976.
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CURRENT HIGH-LEVEL WASTE SOLIDIFICATION TECHNOLOGY*
W. F. Bonner and W. A. Ross
Battelle, Pacific Northwest Laboratories
Richland, Washington

Abstract
Technology has been developed in the U.S. and abroad for solidification of
high-level waste from nuclear power production. Several processes have been
demonstrated with actual radioactive waste and are now being prepared for use
in the commercial nuclear industry. Conversion of the waste to a glass form
is favored because of its high degree of nondispersibility and safety.
FUEL CYCLE

INTRODUCTION
Nuclear power is rapidly assuming an important role
in the U.S. thrust for energy independence. About
60 nuclear reactors are now producing approximately
8% of the nation's total electricity. Projections
show that in 1985, five times this much commercial
nuclear power may be generated. There is concern
that the nuclear waste resulting from this power
generation may not be safely handled. This paper
discusses technology available for solidification
and safe handling of these wastes.

A simplified representation of the nuclear fuel cy
cle is presented in Figure 1. Fuel for nuclear
power reactors consists of tubes filled with en
riched uranium oxide pellets. These tubes are
bound in bundles and placed in the reactor. Here
bombardment of neutrons causes 235U and other nu
clides to fission into two smaller nuclei with the
emission of additional neutrons and energy. These
N U C L E A R FU E L C Y C LE

The nuclear power industry is unique in that its
development from the outset was based on overriding
concern for public health and safety. Technical
developments have been paralleled by developments
in safety analysis and procedures. Conservative
regulations based on international standards have
been adopted for personnel exposure, radionuclide
emissions and other plausible hazards. Also the
policy of nuclear regulatory agencies is to further
restrict hazards and emissions to "as low as prac
ticable" and thereby provide an additional margin
of safety.

FIGURE 1.

Nuclear Fuel Cycle - Annual
Operation of One Reactor

* This paper is based on work performed under U.S. Energy Research and
Development Administration Contract E(45-1):1830.
309

neutrons in turn bombard other fissile nuclei and
continue the chain reaction. The energy released
in so doing is used to generate steam to produce
electric power. The two smaller nuclei are fission
products. These waste products are the source of
high-level waste.
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After about three years in a reactor, the fuel bun
dle is removed and sent to a reprocessing plant.
Here the tubes are chopped into short sections and
the oxide fuel is dissolved. Valuable uranium and
plutonium are extracted and recycled to produce
more fuel. The nonvolatile radioactive nuclides
are removed in the first-cycle extraction process
as high-level waste (HLW).
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FIGURE 2.

Principal Elements in High Level Waste

The amount of solidified HLW which will be gener
ated in the fuel cycle is quite small. As noted
in Figure 1, about one metric ton of uranium
(mostly 235U) is consumed in one year's operation
of a nuclear reactor. This ton of uranium produces
power for a city of about 750,000 people and re3
suits in the generation of 2m of solidified HLW.

The high radiation levels in the young wastes also
produce significant heat which must be considered
in designing the waste form and the processing
equipment. For example, thd heat generation rate
one year out of reactor is 70 watts per kilogram of
glass. However, the heat generation rate decreases
rapidly (with the radiation level) and is no longer
a consideration after 100-years.

WASTE CHARACTERISTICS

SOLIDIFICATION GOALS

High-level waste as it is generated in the repro
cessing plant is a nitric acid solution. It con
tains over 99.9% of the fission products, about 0.5
to 1.0 wt% of the uranium and plutonium, other ac
tinides, and chemicals added during reprocessing.
The various sources of chemicals are noted on the
periodic table in Figure 2. The HLW contains 39
elements in substantial quantities and many others
in small quantities. Some volatile elements are
separated in the reprocessing plant.

The main consideration of radioactive waste manage
ment is to isolate the wastes from our normal envi
ronment. Waste may enter the biosphere chiefly by
action of wind or water. Waste management systems
therefore emphasize reducing these potentials.

High-level waste is difficult to handle because of
its high radiation level. The high levels of radi
ation are produced as a result of converting a uranium atom with its long half-life H O years) into
two fission products with much shorter half-lives.
The radiation level of HLW thus decreases quite
rapidly with time. After 1000 years most of the
fission products have decayed and the radioactivity
in the waste has decreased by a factor of about
50,000. Most of the residual activity is then from
actinides.
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Federal regulations require that liquid HLW be con
verted to a chemically, thermally, and radiologically stable solid within five years of generation
and that the Federal government take custody of the
wastes within 10 years. It is anticipated that the
wastes will then be buried deep within a stable
geological site.
The cost of the total HLW management system is com
paratively low. Liquid storage, solidification,
solid waste storage, transportation, and placement
in a geologic formation are estimated to be 0.7% of
the total cost of nuclear power.
AVAILABLE SOLIDIFICATION PROCESSES
Solidification of high-level waste is an interna
tional concern. Consequently, many so-called
"nuclear" nations are preparing plans and processes

Excessive concentrations of sodium in the feed can
cause particle agglomeration. Currently expected
commercial waste feed compositions do not present
major problems in fluidized bed calcination.

for solidification and disposal of the waste. Some
of these plans are shown in Table 1. Most nations
plan to convert the waste to a vitreous (glassy)
form although other product forms are under consid
eration. The reader can find in Reference 1,
Section 6, more details on the major products and
processes throughout the world. Here we discuss
only the currently well developed processes under
consideration for use in the first commercial fuel

A collapsed bed is considered by many to be the
maximum credible accident in fluidized bed solidi
fication. If no corrective action is taken, a col
lapsed bed can result in a molten core surrounded
by sintered calcine. However, the vessel wall can
dissipate the decay heat by convection and radia
tion at wall temperatures well below the melting
point of the stainless steel. Furthermore, redun
dant cooling and bed dump systems designed into the
unit can prevent such an occurrence.

reprocessing plants.
TABLE 1,

International HLW Solidification Plans

Country
England
France

Product
Borosilicate Glass
Borosilicate Glass

Germany

Borosilicate or
Phosphate Glass
Borosilicate Glass
Undecided
Phosphate Glass

India
Japan
Russia

Process
Rising Level Glass
Rotary Kiln Calciner and
Continuous Metallic or
Ceramic Melter
Spray Calciner and Con
tinuous Metallic Melter
Rising Level Glass
Undecided
Liquid Fed Continuous
Ceramic Melter

FLUIDIZED BED CALCINATION WITH VITRIFICATION

FLUIDIZED BED CALCINATION
Much experience in fluidized bed calcination of
radioactive waste has been gained since the 1963
startup of the Waste Calcination Facility (WCF) at
the Idaho National Engineering Laboratory. Recent
ly pilot-scale testing with simulated commercial
HLW compositions has demonstrated the feasibility
of fluidized bed calcination with the restraints
imposed by this type of waste.
The fluidized bed calciner converts liquid waste
to a mixture of powdery solids and granules in the
size range 0.05-0.5 mm. The calcine density is
in the range 2.0-2.4 g/cc, and the specific volume
is nominally 40 S./MTU when processing simulated
commercial HLW. If calcine is to be stored di
rectly in sealed canisters, the calcined solids
would be stabilized (denitrated and dehydrated) at
about 900°C.
Fluidized bed calciners are reasonably flexible as
to the types of waste they can satisfactorily cal
cine. The feed should be concentrated enough to
permit particle growth (maintenance of bed inven
tory) to properly balance particle attrition.

When calcine produced in a fluidized bed calciner
is transferred directly into a post-treatment step
such as vitrification (glassification), nonconventional calciner operating techniques can be used.
This can eliminate many of the less desirable char
acteristics and requirements of conventional calci
nation. One such HLW calcination technique
developed at PNL is termed the continuous inert
bed process. Operation differs from conventional
fluidized beds in that inert particles (typically
sand) about 1/2 mm in diameter are continuously
added to and removed from the heated bed. Because
the inert particles are part of the chemicals re
quired for forming glass, their addition to the cal
ciner can simplify subsequent vitrification. With
this approach, calciner operability is significant
ly simplified because bed particle size control is
not required. A low inventory of fission products
can also be maintained in the bed. This not only
greatly reduces the consequences of a loss of cool
ing accident but also allows equilibrium to be
reached much faster. Diluting the calcine with
inert materials such as Si02 and continuously re
moving the bed material allows calcination of a
wide variety of wastes, even those containing up
to 1M sodium.
The calciner has been successfully coupled directly
to an in-can melter and indirectly to a continuous
ceramic melter to produce borosilicate glass.
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SPRAY CALCINATION WITH IN-CAN MELTING

ATOMIZING GAS

The mainline process in the ERDA-funded Waste Fix
ation Program at Battelle is the spray calciner
coupled to the in-can melter. This system has
proven simple and reliable for vitrification of a
wide variety of nuclear wastes, even those in which
over 90% of the cations are sodium. Over 1800 op
erating hours have been logged with the spray cal
ciner processing simulated HLW in both remote main
tenance hot cells and contact maintenance areas.
Feedrates of over 75 1 /hr have been achieved with
pilot-scale equipment. To date 20 engineeringscale canisters of in-can melted glass have been
produced; two of these were completed under radio
active hot cell conditions.
In the spray calcination/in-can melting process,
shown schematically in Figure 3, liquid waste is
sprayed into a hot, 700°C chamber. There it is
dried and converted to an oxide form (calcined) in
flight. Calcination time is extremely short. This
inhibits radionuclide volatilization and makes cal
cine holdup in the calciner essentially zero. The
volume of off-gas from the calciner is relatively
small. Vapors leave the calciner through sintered
stainless steel filters which retain over 99.9% of
the HLW solids. Calcine from the spray chamber
and filters drops directly into the in-can melting
canister. The fine spray calcine particles (mean
diameter 10 ym) react rapidly with the glass for
mers in the melter. In-can melting is simple:
the storage canister acts as the melting crucible.
The canister is heated to about 1050°C in a multi
zone furnace. Then calcined waste and glass for
mers (frit) are fed to the canister where they melt
to form glass. After the canister is filled, the
calcine and frit are diverted to another canister
in a parallel furnace, and the filled canister is
removed.
A spray calciner/in-can melter currently under con
struction is sized to vitrify the HLW from a 5
tonne/day reprocessing plant such as the Allied
General Nuclear Services, Barnwell plant. Working
closely with nuclear fuel reprocessors and ERDA,
Battelle is designing a similar facility to proto
type the equipment to be used in the first HLW
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FIGURE 3.

Spray Calciner/In-Can Melter Process

solidification facility.
is scheduled for 1979.

Startup of this equipment

CONTINUOUS CERAMIC MELTER
In 1973, Battelle began developing a joule-heated,
ceramic-1ined melter. This type of melter typi
cally exhibits low off-gas effluents, high capacity,
long life,and high glass quality. In 1975 an engi
neering prototype was held at temperature (1000 to
1300°C) continuously for 11 months. A total of 5
tonnes of glass was produced in intermittent oper
ation during this period. In January 1976 the
melter was restarted and is operating at the time
of this writing.
A joule-heated ceramic melter is simply a ceramiclined, glass-filled cavity in which electric ener
gy is dissipated in the molten glass between
immersed electrodes. For an ionically-heated
melter to operate, it must be brought to a temper
ature at which the glass becomes adequately

conductive. Thus a sacrificial element technique
has been developed for both initial startup and
restart with a frozen tank. After startup, cal
cine and frit are metered into the melter so that
several inches of incoming material cover the melt
surface. The cool layer helps reduce the loss of
semivolatile species. With the melter operating
2
this way, melting rates of over 2 kg/hr-m have
been observed. Sufficient heat can be transferred
in this type of melter to allow drying of the waste
as well as melting. Thus a separate calciner may
not be required; i.e., liquid waste can be fed di
rectly to the melter. With liquid feeding, frit
is added to the feed tank and the resulting slurry
is metered into the melter. Transfer of heat from
the molten pool flashes off the liquid and deni
trates the waste cations, leaving an oxide residue
which melts into the molten pool. Liquid feeding
a ceramic melter has shown that the capacity in
2
this mode is more than 0.4 kg of glass/hr-m . The
molten glass is drained off, periodically or con
tinuously, into a receiving canister through an
overflow drain. Steam, nitrous oxides and en
trained particulates are vented to a standard off
gas cleaning system. It is planned that by 1978
a HLW ceramic melter could be built, full-scale
with all the remote features required for actual
operations.

FIGURE 4.

FRENCH VITRIFICATION PROCESSES
Vitrification process research has been in progress
in France for over 15 years. During this time a
pot vitrification process termed PIVER was devel
oped at Marcoule and tested through the pilot-scale
radioactive phase. Since large commercial nuclear
fuel reprocessing plants require waste throughput
rates above that expected with the liquid-fed pot
system, another vitrification process incorporating
a rotary kiln calciner and continuous metallic
melter was developed. This equipment is shown in
Figure 4.

French AVM Vitrification Process

kiln walls. The kiln is about 3.6 m long and 27 cm
in diameter and is supported at each end by roller
bearings. Large static end-fittings provide a seal
for the rotating kiln. Calcine is discharged from
the lower end of the kiln directly into a continu
ous metallic melter. Glass frit is also continu
ously metered into the melter. The inductively
heated Inconel melter is about 35 cm in diameter
and 1 m tall . When the melt depth reaches a pre
determined level, the glass is allowed to flow
through a freeze valve into a product container.
One rotary kiln unit can calcine 30 to 40 &/hr of
concentrated liquid HLW. Thus two or three rotary
kiln units could calcine the HLW generated by a
5 tonne/day nuclear fuel reprocessing plant. Two
melters, each with capacity to produce about 20 kg
of glass per hour, may be connected to each kiln.
The rotary kiln calciner and continuous metallic
melter are currently being installed in a new hot
cell facility at Marcoule, France, termed AVM. Ra
dioactive startup is scheduled for 1977.

In this process concentrated liquid HLW is fed
into a heated, rotating kiln where it is dried and
calcined. The action of anti-stick feed additives
and a loose bar help prevent accumulations on the
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GERMAN VITRIFICATION PROCESSES

1958.

Research and development on the vitrification of
radioactive wastes has been under way in Germany
for about 10 years. As in the U.S., several pro
cesses are being developed at several sites. The
vitrification process developed at Karlsruhe termed
VERA is the farthest advanced.

undergone both nonradioactive and radioactive engi
neering-scale testing with waste canisters 15 cm
diam by 1.5 m long. Nonradioactive tests were con
ducted in canisters up to 30 cm in diameter. To
increase melter capacity, annular canisters are be
ing considered along with other improvements in a
process termed HARVEST. This is a relatively sim
ple process; liquid waste and glass former are fed
directly into a heated canister where drying, cal
cination, and melting occur at 1000 to 1050°C. The
waste constituents thus melted are dissolved or dis
persed in the glass matrix. Solids entrained from
the melter and volatile constituents are removed
from the off-gas and returned in the feed stream.
The process canister, either cylindrical or annular,
is the final storage container.

The process involves three steps: liquid waste de
nitration, spray calcination, and melting to form
a glass casting. The denitration step uses formic
acid to destroy the free nitric acid and as much
of the fission product nitrates as possible before
calcining. This reduces ruthenium volatilization
from the solidification equipment to 0.01% of the
feedstock ruthenium. The VERA spray calciner shown
in Figure 5 is similar to conventional spray driers
used in the chemical industry except that the 600°C
steam used for drying is recycled to reduce efflu
ents. Sintered stainless steel filters like those
used in the Battelle processes are used for primary
calcine deentrainment. To reduce filter head loss,
20 wt% of the required amount of glass additive
(Si0g) is mixed with the liquid waste prior to
calcining.

Since that time a process named FINGAL has

The proposed HARVEST vitrification process employs
annular storage canisters, up to 1.2 m diam by
2.4 m long, as melting crucibles. It is estimated
that three parallel 30-cm diam melters could vit
rify the waste from a 5 tonne/day fuel reprocessing
plant. However, fewer large annular canisters will
be required.

A pilot-scale, nonradioactive facility has been op
erated at Karlsruhe since 1970. All major compo
nents, the denitrator, the spray calciner, and the
induction-heated Inconel 600 melter, are conven
tional designs, modified somewhat for use in the
VERA process. Waste solidification facilities will
be required in the Federal Republic of Germany in
the early 1980's, and development is proceeding to
that end.
An alternative glass packaging technique called
PAMELA is being developed at Julich, Germany. In
this process, liquid waste, converted to small
glass granules about 3 mm in diameter, is incorpo
rated in a metal matrix. Bench-scale radioactive
testing of this process was conducted, and plans
call for a large-scale demonstration in the early
1980's.
BRITISH VITRIFICATION PROCESS
Research on vitrification of radioactive wastes
has been under way in the United Kingdom since

FIGURE 5.
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German VERA Vitrification Process

The developmental program for the HARVEST process
calls for building a nonradioactive prototype at
Windscale, England, in 1980 followed by a fullscale radioactive demonstration plant in the mid
1980's.

product with low surface area, few fine particulates,
and good chemical durability is thus desired.
LEACH RESISTANCE
High-level waste glass formulations have been devel
oped which demonstrate very low leach rates. Spe
cific leach rate values depend much on the type of
test and conditions used. A procedure, the Soxhlet
leach test, has been done to compare various mate
rials with waste glasses in distilled water at 99°C.
Figure 6 shows some results of this test. Typical
waste glass has a leach rate between that of gran
ite and Pyrex laboratory glassware. Common bottle
glass and marble exhibit similar chemical durability.

A similar rising level glass process has been se
lected for immobilization of HLW from the Tarapur
reprocessing plant in India. Developmental work
on a rising level glass process has also been done
in the U.S., in nonradioactive studies at Oak Ridge
National Laboratory and in one fully radioactive
engineering-scale demonstration run at PNL.
CANISTER POST-FILL TREATMENT
Design of HLW canisters must be compatible with re
quirements imposed by handling, interim storage,
transportation, and Federal repository considera
tions. Currently many requirements are undefined
but are being resolved.

PYREX
WASTE GLASS
GRANITE

An important aspect of HLW solidification, common
to all processes, is the canister post-fill treat
ment. The major required operations involve seal
ing and decontaminating the canister. Other postfill operations can be employed for either routine
or nonroutine quality control. These include calo
rimetry, radiation profilometry, nondestructive
wall thickness measurement, leak checking, and over
packing. Annealing of vitreous waste forms could
also be included as a post-fill operation.
PRODUCT CHARACTERISTICS
The major emphasis of most processes has been on a
vitrified or glassy waste form. Glass offers many
attractive features for containing the wastes. Due
to its random structure, glass is well suited for
incorporating the wide variety of elements in HLW
into a durable material. Many components of the
wastes, particularly the rare earths and zirconium
are desirable additives to the glass compositions
because they enhance its durability. Other compo
nents of the waste such as alkali are required in
glass formulation to allow processing at moderate
temperatures. Thus glass formulations containing
up to 40% waste can be produced.
Actions of wind and water are the major mechanisms
whereby waste can enter the biosphere. A waste
31 5

M ARBLE
BOTTLE GLASS
0 .0 5

0 .1 0

0 .1 5

0 .2 0

SOXHLET CO RROSIO N RATE Oum/DAY)

FIGURE 6. Comparative Chemical Durabilities
IMPACT RESISTANCE
Glass is commonly considered to be easily broken by
(2)
impacts or by thermal shock. However, tests' ' con
ducted to determine waste behavior in either of
these situations show that canisters of glass are
quite .resistant to both.
Impact tests were made with half-scale canisters of
simulated waste glass dropped 9 m onto concrete.
These tests have shown that less than 3% of the
glass is fractured and only ^0.001% of the glass
was in the easily dispersible fraction (less than
10 urn). Figure 7 is a photograph taken after cut
ting away part of a canister which did not rupture
from impact.
Thermal shock tests have shown that removing a
molten canister of glass from the furnace and let
ting it air cool will increase the surface area by
a factor of about 12. This was determined in a

The major thermal effects on glass are devitrifica
tion and phase separation. Devitrification is
basically the growth of crystals from the metasta
ble glass matrix at temperatures 500 to 900°C. If
controlled, this process can improve strength and
impact resistance,as evidenced by "Corning Ware."
Devitrification is undesirable if the crystals be
come large and differ greatly in thermal expansion
from the residual glass. This difference in ex
pansion rates can cause cracking during cooling.
The growth of crystals in the glass may also de
plete the glass of stabilizing components, thus in
creasing its leach rate. However, current results
of an extensive study show that devitrification is
not a major problem in waste glass. Samples are
currently being examined which have been stored at
various temperatures for up to one year. The worst
effect noted to date has been an increase in cor
rosion rate of about a factor of 10 for samples
held near 750°C. Temperatures this high for ex
tended periods are unlikely.
CONCLUSIONS

FIGURE 7. Half-Scale Glass Canister After 30-Foot
Edge-on Drop onto Concrete

Much of the technology described here has been de
veloped to a stage ready for full-scale plant de
sign for use by a nuclear fuel reprocessor. A
vigorous U.S. program under ERDA sponsorship is in
tended to bring this about. It includes not only
demonstration of solidification equipment but also
development and full characterization of a safe
waste form.

series of tests with 15-cm-diam canisters. Larger
canisters are expected to fracture less due to the
larger thermal inertia.
RADIATION AND THERMAL EFFECTS
In storage the glass waste form may be subject to
(3)
both radiation damage' ' and devitrification, both
of which have been shown to produce only a minor
effect. The chief radiation damage effect is a
result of atoms in the glass matrix being displaced
by alpha decay recoil nuclei. The atoms then have
stored energy which if released can heat the glass.
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Substituting
Cm for all actinides in the glass
so accelerated radiation damage that after 2.5
years' radiation an alpha dose equivalent to over
20 centuries of storage was achieved. The extrap
olated results of the test show that even after a
million years' storage the stored energy will be
less than 35 cal/g, heating the glass by only about

Similar programs are under way in other countries
to demonstrate safe solidification and handling of
high-level waste.
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100°C if released instantaneously. However, in
creases of 500°C are required to release the
35 cal/g. Thus no problems are expected.
316

William F. Bonner is the technical leader for nu
clear waste process development at BattelleNorthwest. Since earning his MS degree in Chemical
Engineering at Brigham Young University in 1969 he
has been involved in pilot-plant studies of waste
treatment processes. He conducted a 1-1/2 year
study on use of physical-chemical techniques for
removal of contaminants from liquid waste streams.
Later work as the project engineer with the spray
calciner and continuous metallic melter process
for converting nuclear waste to glass led to his
current position. Bonner has authored several pub
lications concerning nuclear waste solidification,
U-Pu solvent extraction, neutron absorption and
physical-chemical treatment of effluents. He is
also a registered professional engineer in the

Wayne A. Ross is the task leader for development
and characterization of high-level nuclear waste
products at Battelle-Northwest. He received a
B.S. in Ceramic Engineering from the University of
Utah in 1968 and an M.S. in Mechanical Engineering
from Stanford University in 1969. At WestinghouseHanford he worked with ceramic electrolytes,
ceramic nuclear fuels, and control materials
before joining Battelle 3 years ago in the highlevel waste solidification program. Mr. Ross
has authored or co-authored publications concern
ing high-level waste solidification and nuclear
ceramic fabrication and characterization. He is
also a registered professional engineer in the
state of Washington.

state of Washington.

317

THE NATIONAL WASTE TERMINAL STORAGE PROGRAM

C. D. Zerby
Director, Office of Waste Isolation*
Oak Ridge, Tennessee 37830

Abstract
The National Waste Terminal Storage (NWTS) program has been established to pro
vide facilities (federal repositories) in various deep geologic formations at
multiple locations in the USA which will safely dispose of the commercial radio
active waste that must be delivered to a federal repository for terminal storage.
This paper presents an overview of the NWTS program and describes the stepwise
approach that is being taken in meeting the objective of the program.

I.

The steps in the nuclear fuel cycle for light-wafer

INTRODUCTI ON

reactors can be outlined as follows.

In the United States today, 60' nuclear power reac
tors are in operation, an additional 93 are being
built, and 85 are in the planning stage.

tration of

The cur

rent operating reactors generate 41 GWe, or about

used to generate power in a reactor.

is placed in a storage pool until it is ready for

in operation, including those that are planned,

reprocessing.

the total nuclear electrical generating capacity

In the reprocessing step, the ura

nium remaining in the spent fuel element is recov

While

ered and returned to the fuel cycle, and the plu

the predicted total power capacity will grow by a

tonium produced in the fuel element while it was

factor of 3, from 492 GWe in 1975 to 1,550 GWe in

in the reactor is removed and converted into a

2000, the electrical power produced by nuclear

fuel.

facilities will increase by a factor of 5, in

The nuclear waste from reprocessing, which

includes the fission products and fuel element

creasing from 8 % of the total in 1975 to 40% of

cladding hulls as well as the low- and intermediate-

This is a significant in

level transuranic waste, is then disposed of as

crease, and it indicates the importance of nuclear
power to this nation.

After the

spent fuel element is removed from the reactor, it

Between 1985 and 1990, when all the reactors are

the total in 2000.(l)

U prior to conversion into a fuel,

and then fabricated into a fuel element, which is

8% of the total electrical power being produced.

will be 237 GWe, or about 25 % of the total.

Uranium from

the mines is converted to UFfi, enriched in concen-

waste in a geologic disposal facility.

During this period, most

of the-nucI ear-produced electricity will be pro

The nuclear fuel cycle is not as yet complete since

duced by light-water reactors.

no commercial reprocessing plant is In operation.

^Operated by Union Carbide Corporation-Nuclear Division for the Energy Research
and Development Administration.
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However, one plant is under construction at Barn

program in the area of management of nuclear waste.

well, South Carolina, and one or more is being

At that time, they created the National Waste

planned at other locations.

Terminal Storage program and placed the lead

In addition, no geo

logic disposal facility exists although there is

responsibility for the program with the ERDA Oak

an extensive program to develop such facilities

Ridge Operations Office.

under the NWTS program.

Oak Ridge Operations, Union Carbide Corporation's

The purpose of this paper

At the request of ERDA

Nuclear Division established the Office of Waste

Is to provide a summary of that program.

Isolation (OWI), which has been assigned the res
2.

ponsibility for program management.

HISTORY OF GEOLOGIC DISPOSAL EFFORTS

The objective of the NWTS program is to provide

The geologic disposal of radioactive waste has
been under study for many years.

As early as 1957,

facilities (federal repositories) in various deep

the National Academy of Sciences-NationaI Research

geologic formations at multiple locations in the

Council Advisory Committee suggested burial of

USA which will safely dispose of the commercial

solid radioactive wastes in bedded salt deposits as
the best of the many methods it had considered.

(

2)

radioactive waste that must be delivered to a
federal repository for terminal storage.

The gen

Since that time, this disposal method has been un

eral scope and plan for the NWTS program will be

der continuous study and development, including an

outlined in this paper.

underground vault test in a bedded salt mine In

this program, OWI intends to seek the participation

Lyons, Kansas, in the late 1960s.

of a large number of organizations around the coun

Although further

In order to accomplish

development of the Kansas vault test into a pilot

try.

plant facility was not pursued, work continued at

awarded to organizations outside the Oak Ridge area.

a low level of effort toward identification of

During FY 1976 and the transition quarter, the pro

other rock units that could be acceptable for ter

gram budget was $5.1 million.

minal storage of radioactive waste.

get will increase to $38.2 million; this increase

In the early 1970s, the Atomic Energy Commission
(AEC) authorized the Atlantic Richfield Hanford
Company (ARHCO) to design a Retrievable Surface
Storage Facility (RSSF') to receive and store high-

Approximately 85% of the OWI budget will be

In FY 1977 the bud

reflects the significance of the NWTS program.
3.

FEDERAL REGULATIONS FOR
COMMERCIAL WASTE DISPOSAL

level radioactive waste on a schedule compatible

Currently, the only regulations requiring delivery

with the then-planned operating schedule of the

of commercial waste to a federal repository are

commercial nuclear reprocessing industry.

contained in Title 10, Code of Federal Regulations

The

RSSF was considered an interim solution for storage

(CFR), Part 50.

of waste until a permanent terminal storage facili

ing of production and utilization facilities, and

ty could be developed.

Appendix F refers to siting reprocessing and related

However, since the schedule

for constructing the nuclear facilities has

These regulations refer to licens

waste management facilities.

In brief, Appendix F

slipped, there is now time to implement a full-

requires that (I) a fuel reprocessing plant's in

scale geologic terminal storage program.

ventory of high-level

The RSSF

liquid radioactive waste* will

approach has been placed in a standby status as

be limited to that produced in the prior 5 years;

another alternative if needed.

(2) high-level liquid radioactive waste shall be

In early 1976, the Energy Research and Development
Administration (ERDA) announced a greatly expanded

converted to a dry solid and placed in a sealed
container prior to transfer to a federal repository;

*High— level liquid wastes means those aqueous wastes resulting from the operation
of the first-cycle solvent extraction system, or equivalent, and the concentrated
wastes from subsequent extraction cycles, or equivalent, in a facility for
processing irradiated reactor fuels.
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and (3) all high-level wastes shall be transferred

Low-level transuranic wastes - those sol id or

to a federal repository no later than 10 years fol

solidified materials that contain plutonium or

lowing separation of fission products from the ir

other long-lived alpha emitters in known or suspec

radiated fuel .

ted concentrations greater than 10 nanocuries per

Other requirements for shipment of waste to a fed

gram and yet have sufficiently low external radia

eral repository may be included in changes to

tion levels after packaging that they can be han

Title 10, CFR, Part 20, Standards for Protection

dled directly.

Against Radiation.

These definitions are taken from a paper by Blomeke

Current proposed changes relate

to transuranic waste disposal and will require

and Kee.

that waste with contamination levels as low as 10

tities of these wastes to be delivered to a

nanocuries of transuranic elements per gram of

federal repository through the year 2005 are pre

waste must be transferred to ERDA for storage as

sented below:

For reference, the accumulated quan

soon as practicable but within five years after
its generation.

Accumulated volume

These regulations imply that if

reprocessing plants are put into operation, then
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Cladding

repository as well as waste contaminated with some
The present

+

(1000 ft )

High levql

high-level waste will be delivered to the federal
minimum level of transuranic waste.

11,0

Waste type
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Intermediate-I eve Itransuranic

1,651

Low-level transuranic

4,940

design plans for the repository provide for dispo
sal of four types of containerized waste defined

If reprocessing is not approved and the throw-away

as follows:

cycle is implemented, then the federal repositories
will still be built, but they will be designed to

High-level waste - solidified compos ites of a II the

dispose of spent fuel elements.

liquid waste streams arising from the reprocessing
of spent fuels.

These wastes contain more than

4.

DESCRIPTION OF A REPOSITORY

99.9% of the nonvolatile fission products, 0.5%
An artist's concept of a federal repository in a

of the uranium and plutonium, and all the other
actinides formed by transmutation of the uranium

bedded salt formation is shown in Fig. I.

and plutonium in the reactor.

cally, the facility would consist of a large number

Cladding wastes and hardware - solid fragments of

of excavated rooms located several hundred feet

Zircaloy and stainless steel cladding and other

below the surface of the ground.

structural components of the fuel assemblies which

would be located receiving and handling facilities

remain after the fuel cores have been dissolved.

for containerized waste, which would be delivered by

These fragments are compacted to 70% of theoretical

truck or rail.

density.

facilities to the mine for delivery of the con

In addition to neutron-induced radioac

Typi

On the surface

Shafts would connect the receiving

tivity, the cladding waste contains 0.05% of the

tainerized waste to transporter vehicles, which

actinides and 0.05% of the nonvolatile fission

would move the waste to its point of disposal.

In

the case of waste with high levels of radiation, the

products in the spent fuel.
Intermediate-1 eve I transuranic wastes - those solid

canisters would be lowered Into suitably prepared
vertical holes in the floor of a room, and the hole

or solidified materials (other than high-level and

would be plugged for radiation protection.

cladding wastes) which contain long-lived alpha

In the

case of low-level waste, the containers would be

emitters at concentrations greater than 10 nano
curies per gram and have typical surface dose rates
between 10 and 1000 millirems per hour after

stacked for storage.
The surface facilities would occupy approximately

packaging due to fission-product contamination.

100 acres and would be the only visible evidence
of the repository.
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The underground full-scale

facility encompasses an area of about 2,000 acres.

used since the facilities will be dispersed

Surface areas above the mine, but outside the fence

around the country.
(5) It eliminates concern regarding possible

around the surface facilities, might be leased for
general use.

federal government reluctance to abandon

Surrounding the central 2,000-acre

area would be an outer controlled area of approxi

potential sites after significant expendi

mately 16,000 acres in which mining operations and

ture since other faciIities will be aval ta

deep drilling would be controlled to avoid any

ble.

compromise of the safe operation of the repository.

In the general program plan, the first two facili

Surface areas over the outer controlled area would

ties will be located in salt formations, and the

not be restricted from normal activities.

remaining facilities will be in other rock forma
tions.

5.

GENERAL PLAN FOR

All of these facilities will be dispersed

around the country.

GEOLOGIC TERMINAL STORAGE

The schedule in Fig. 2 shows

the first two plants receiving waste in the middle
of 1985.

At this time the plans of the NWTS program call

The next set of two facilities will

for construction of six terminal storage facili

start operation two years later, with the remaining

ties as shown in Fig. 2.

two following at intervals of two years.

The solid triangle indi

Not shown

cates the time geologic field work starts, the ob

in this schedule are the dates when the facilities

jective being to identify pilot plant sites in the

will be licensed for operation by the Nuclear

rock unit being investigated.

Regulatory Commission (NRC).

Earlier work, which

This is under study

will be accomplished prior to the search for sites,

at this time; however, it will be the objective of

is not shown on this schedule.

the program to seek a license for each facility at
the earliest possible time.

The general plan for the NWTS program calls for
the eventual construction of facilities for termi

6.

nal storage in various geologic formations at mul
tiple locations in the United States.

DETAILED PLAN FOR

PILOT PLANTS I AND 2

The concept

of placing terminal storage facilities at multiple

A more detailed plan for the first two pilot facili

geographic locations incorporates a number of ad

ties is presented in Fig. 3.

vantages into the program, which include the fol

in salt formations.

These will be located

The first phase shows that

identification of acceptable sites for the first

lowing:

two pilot plants will not occur until near the end

(1) Feasibility of a timely operation of a
terminal storage facility is increased

of FY 1978.

because of the simultaneous and parallel

of land rights and long lead items are shown, it

In the second phase, although purchase

activities.

should be noted that land negotiations will not
start until the entire review process for site

(2) A retrievabiIity concept for storage of
waste becomes practical because other fa

selection has been completed for salt formations.

cilities are available to receive the

Phase 5 shows that hot operation of pilot plants I

waste should It be necessary to remove it

and 2 with actual radioactive waste will not occur

from one of the facilities for any reason.
(3) It will be possible for more than one site

until mi d-1985 - almost nine years from the present
time.

The last phase shows that safety studies and

to serve the country as a terminal storage

environmental studies will be continuing through

facility so that no one location need

the whole pilot plant program.

bear the burden for the entire United
States.
(4) Reduced waste transportation costs are
possible If more than one facility is
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7.

DEVELOPMENT STEPS FOR

7.2

A FEDERAL REPOSITORY

RECONNAISSANCE SURVEYS

The purpose of the reconnaissance survey is to col

Although the sequence for developing a federal

lect all the available data on those properties and

repository may differ slightly from one geologic

characteristics of a formation which must be con

formation to another, the generalized sequence can

sidered in making a regional evaluation of the po

be characterized as having seven distinct steps,

tential for utilization of the formation for waste

as follows:

disposal.

(1)

Identification of formations of interest

(2)

Reconnaissance surveys

(3)

In situ tests

(4)

Area studies

may include (I) structure, stratigraphy, depth,
and thickness; (2) hydrology; (3) mineraIogy/petrology; (4) natural resources; and (5) general
surface characteristics.

(5)

Detailed confirmation studies

(6)

Pilot plant operations

(7)

Conversion of the pilot plant into a

mation are evaluated and reviewed, and a number of
smaller regions are identified for further geologic
area studies.

Although the seven steps are distinct, it is not
necessary that they all occur in sequence.

7.3

For

didate for waste disposal, a set of in situ experi

A brief descrip

ments will be conducted in parallel with other geo

tion of the steps is given below.

logic studies.

exposed surface outcrops of the formation to exten

In the process of identifying formations of inter

sively instrumented vault tests in excavations es

est, a review is made first which is based solely
on the general knowledge of the geologic properties

In general, the vault tests are con

structed to permit tests with both electric heaters

If the review is promising, a reconnais

and/or canisters of simulated waste which are re

This step has

moved at the conclusion of the experiment.

already led to the identification of salt, argil

They

provide extensive Information on the physical be

laceous, crystalline rock, and carbonate rock
formations as formations of interest.

pecially constructed at the expected depth of the
pilot plant.

and/or fundamental properties of the rock type in

sance survey would be undertaken.

These in situ experiments range

from simple electrical heaters placed in holes in

IDENTIFICATION OF FORMATIONS OF INTEREST

volved.

IN SITU TESTS

Once the formation is identified as a possible can

example, the in situ tests could proceed in paral
lel with other geologic studies.

Based on the information

compiled at this stage, the prospects for the for

federal repository

7.1

These properties and characteristics

havior of the rock and the waste canister, as well

However,

as the stability of the underground layout.

others may also be identified in the future.

Pre

liminary in situ tests have already been completed
At present, a number of formations are of interest
in the NWTS program.
Figs. 4, 5, and 6.

for salt formations but still have to be completed

Many of these are shown in

for other formations of interest.

Figure 4 shows the rock salt

formations in the United States.

7.4

Of these, the

AREA STUDIES

The geologic area studies that follow the reconnais

Salina salt formation, the interior province of
the Gulf Coast dome region, and the Permian Basin

sance survey are designed to develop new and spe

are all considered to be formations of high poten

cific data in the areas of interest.

These studies

tial for location of terminal storage facilities.

include (I) core drilling at a density of perhaps

Figure 5 shows the argillaceous (shale and clay)

6 to 10 holes per 1000 square miles to obtain ade

formations in the United States, and Fig. 6 shows

quate definition of the important subsurface charac'

the crystalline rock formations in the United

teristlcs of the formation, (2) field geologic map

States.

ping, (3) hydrologic studies, (4) geophysical sur
veys, and (5) other geologic studies.
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It is

to evaluate the stability of the underground work

appropriate to note that environmental assessments
are usually required by each state in order to ob

ings.

tain drilling permits.

plant operation will be used to design the expanded

In the NWTS program, an

The data obtained during the initial pilot

environmental assessment for each drilling opera

pilot plant, which will be operated until it has

tion will, of course, be prepared.

successfully been demonstrated that (I) it can

This is in

compliance with ERDA regulations, which conform

safely receive, emplace, and store high-level waste

to the National Environmental Policy Act of 1969.

at the design rate and (2) no anomalies in the

Upon completion of the area studies, the suitab

geologic formation have been found.

ility of the area is again reviewed, and if it

7.7, CONVERSION TO A FEDERAL REPOSITORY

still appears promising, a few specific locations
The conversion of the facility to a federal reposi

will be identified for even more detailed confir
mation investigations.

tory will occur when sufficient data have been

At this point, there will

gathered to obtain the required licenses from the

be extensive reviews involving all review groups
that have been established.

NRC.

The selection by OWI

At some point in this sequence, the retrievabiIity

and ERDA of specific locations for more detailed

concept will also be abandoned when sufficient data

confirmation investigations and the final selection

are available to warrant such action.

of pilot plant sites will be firmly based on a II

At that time

the storage rooms will be backfilled and sealed.

these reviews, as well as on public comments ob

It is planned that a number of review groups will

tained during public progress reports.
7.5

This will be done at the earliest opportunity.

also be created to help in the decision-making pro

DETAILED CONFIRMATION STUDIES

cess during the sequence leading to creation of the
The detailed confirmation studies are directed

operating repositories.

toward specific locations of perhaps 5 to 10 square
miles each.

include:

The investigations involve primarily

(1)

the drilling and testing of four or more core holes

geologists, hydrologists, and other

specific geologic studies for which the previous

appropriate experts to review the entire

results were inadequate to evaluate the suitability

geologic program on a continuing basis

The results of this phase of the

(2)

investigation would be used to determine which

Basin or Regional Review Groups consisting
of experts knowledgeable about each par

locations fully qualify for consideration as pilot

ticular basin or region in which field

plant sites.
7.6

A Geologic Review Group reporting to the
Director of OWI, consisting of senior

at each location, plus the continuation of any

of the location.

These review groups will

operations are expected

PILOT PLANT OPERATIONS

(3)

Federal-State Review Groups consisting of

After adequate review, a pilot plant site will be

representatives of agencies of the fed

selected and a pilot plant constructed to evaluate

eral and state governments and other

handling and storage operations, using actual

organizations who would have responsi

canisters of high-level and other types of waste,

bility for or interest in some aspect of

and to confirm all design calculations.

the NWTS program

The ini

tial pilot plant would involve the excavation of

In addition, the public will also be involved In the

only a small part of the ultimately available

reviews during public information meetings that will

mine area and would handle relatively small amounts

be held periodically in the regions where operations

of each of the waste types.

will be under way.

Surface facilities

would, however, be approximately full scale.

Ex

periments would be performed to test retrTevabiIity
devices and emplacement concepts and, in general,
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UTILIZATION OF FISSION PRODUCTS IN THERMAL SYSTEMS
Dr. Harold D. Hollis and Mr. Gary S. Stewart
US Army Facilities Engineering Support Agency
Fort Belvoir, Virginia 22060

Abstract
The Army is investigating the use of solidified fission product wastes as a heat source for thermal
utility systems on military installations. A boiler system has been conceptually designed, thermal and
radiological requirements are still being investigated. The application of nuclear waste as a heat
source affects the entire scope of nuclear waste management offering both benefits and problems which
must be examined thoroughly before final conclusions can be drawn.
1.

INTRODUCTION

The purpose of this paper is to address the poten
tial benefits and problems associated with the use
of nuclear wastes as a heat source. The discussion
will use the five volume ERDA-76-43, Alternatives
for Managing Wastes from Reactors and Post-Fission
Operations in the LWR Fuel Cycle, (TAD), as the
baseline. The major effects of the utilization of
wastes on the technical alternatives in TAD will
be considered. The costs of this utilization will
be addressed, and the associated safety problems
will be discussed.
For several years, the Army has been investigating
the use of solidified mixed fission products as a
heat source for military installation support.
During this period, numerous changes have occurred
in the nuclear waste management scenarios proposed
by the responsible government agencies. The auth
orities now agree that nuclear power is a valid
option to increased dependence upon imported fossil
fuels. However, to become effective in the re
quired time frame, the nuclear fuel cycle must be
closed in a technologically sound, economically
justified, environmentally safe, and — probably
of most importance -- a socially acceptable method.
The utilization of waste products will be investi
gated with these requirements as guides.
2.

PRESENT PHILOSOPHY

Three waste management schemes are considered
reasonable. In the first, the fuel elements con
taining unfissioned 235-uranium and 239-plutonium
as well as all the fission products and actinides
are containerized for isolation without any repro
cessing. The second and third schemes make use of
^Military wastes are not addressed in this paper.
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a reprocessing facility to recover part of the fuel
value. In the second, only the uranium is recov
ered for recycle, while in the third both uranium
and plutonium are separated for recycle into new
metal oxide reactor fuels. With the price of
yellow cake reaching over forty dollars per pound
and with the safety problems of ultimate disposal
of the long-lived plutonium as yet undefined, and
with the tremendous investments already made in
reprocessing facilities, nuclear fuel will most
likely be reprocessed. The "throwaway" fuel cycle
is not the best alternative and will not be
addressed further.
Radioactive wastes are separated from the fuel
portion of spent assemblies at reprocessing facil
ities. The wastes from reprocessing plants are
both liquid and solid, some containing significant
amounts of transuranics (TRU), while others contain
little if any TRU wastes. The wastes produced
during the first stage of reprocessing are classi
fied as high level wastes. They contain 99 percent
of the fission products found in the spent fuel.
It is wise to remember that at this time, there are
no reprocessing plants operating in this country.
The only commercial high level wastes in the US
were produced several years ago and are stored as
liquids in tanks at West Valley, New York.*
Under present law, the high level liquid wastes
must be converted to dry solids within five years
after their production. These solid forms must
be sent to a government owned isolation facility
within ten years of their production as a liquid
during reprocessing. Since there is no disposal
facility at this time, the wastes are being held
until specific directions are issued.
Low level wastes are presently disposed of by
shallow land burial or similar fashion and these
processes appear acceptable at this time. The

wastes were among the new sources thought worthy
of further study. To develop the concept, we
first looked at industry growth projections to
make sure the energy supply would be available.
After determining the amount of energy in the
wastes, the properties of the waste form had to
be considered. Then, the conceptual plant could
be designed to recover heat from the fission
product sources. Further safety analysis has
brought about significant changes to the concep
tual plant. ERDA funded studies of new solidifi
cation techniques have the potential to greatly
increase the volumetric heat generation rate of
the wastes, thus, increasing the conceptual plant
capacity. Today our studies are aimed at proving
the validity of previous technical assumptions
by increased use of computer heat transfer codes,
safety studies based on improved technology, and
the development of an interaction plan for our
expedient inclusion of the final waste management
scenario selected, should the Army find the util
ization of fission products economically attract
ive.

low and intermediate level wastes will not.be
investigated as heat sources.
In all three of the high level waste management
schemes described, there will be solidified
reactor wastes to be isolated from man's environ
ment for many years. ERDA has a choice of storing
the waste in a recoverable form or of attempting
permanent isolation.
3. HIGH LEVEL WASTE ISOLATION
Disposal concepts can be subdivided into three
basic ideas. The first is disposal in a geologic
medium. The second is extraterrestrial; and the
third is transmutation. Of the three basic con
cepts, only the first is considered viable within
the next five to ten years. The geologic disposal
concepts being considered include deep continental
geologic formations, seabed disposal, and ice
sheet disposal. Unfortunately, little is known
about the specific mass and thermal transport
properties of these geologic sites. Although
numerous countries are investigating the various
possibilities, the United States presently favors
deep geologic sites, primarily in salt. These
formations have been studied by the US more than
other geologic regions, more detailed information
is known, and therefore, they are considered the
best candidate.

5. HIGH LEVEL WASTES - QUANTITIES AND CONSTITUENTS

Since several unknowns exist for permanent geolog
ic isolation, the US went through a period in the
early seventies where temporary storage was con
sidered most favorable. Salt regions were again
considered because they can be operated in a
retrievable mode before backfilling and sealing.
Above ground retrievable storage facilities (RSSF)
were also developed and are in the final design
stages. They include an air cooled vault concept,
a water basin concept, and the sealed storage cask
concept. It was during this time period that the
Army began considering the use of solidified high
level wastes as a heat energy source. The concept
is similar to the retrievable surface storage
facility with a couple of exceptions. First, the
heat would be used instead of being vented to the
atmosphere. The second difference has to do with
the length of time the waste would be stored. In
the scenario associated with the surface storage
concept, the solidified high level wastes would
be stored until a permanent disposal facility
could be sufficiently studied, presumably not
more than a hundred years. The Army heating plant
concept would allow the short-lived isotopes to
decay away, producing less heat, but could not be
construed to preclude the development of an oper
ational waste management program for permanent
disposal. Now that we have reviewed reprocessing
and disposal, we will discuss how the Army would
fit in between.

The United States is most likely to accept the
operation of reactor fuel reprocessing plants on
both economic and long term safety aspects. Either
the fissile uranium and plutonium can be recycled
into new fuel or the uranium alone can be recycled.
In either case, nearly all the uranium and pluton
ium will be removed from the high level waste
stream. The high level wastes are defined in TAD
as consisting primarily of the concentrated
aqueous dissolver solution from the first co
decontamination solvent extraction step. Table 1
is a listing of the radioactive elements found in
nuclear high level wastes. This listing is for
fuel used for 25 GWd/MTHM, at 35 MW/MTHM.
The actinides listed in the table are all that
remain in the high level waste stream. The
chemicals shown are added to reduce volatility
of some fission products or as neutron poisons.
The high level liquids could be produced at a
rate as high as 5000 liters/MTHM reprocessed, but
concentration of wastes will occur as early as
possible to allow recycle of nitric acid and water.
The waste volume may be reduced to as little as
400 liters/MTHM.

4. THE ARMY MFPHP CONCEPT
Due to ever increasing prices of fossil fuels, the
Army began to search for new energy sources.
Commercial nuclear reactor high level radioactive
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At this rate a 5 MTHM/day reprocessing plant would
generate 190,000 gallons of concentrated high
level liquid wastes per year. These liquid wastes
would be stored in large tanks which must be con
stantly monitored and cooled, all at a great
expense. For this reason, the reprocessor will
have some incentive to relieve himself of this
burden as soon as possible. On the other hand,
because these materials generate large amounts of
heat due to their activity, solidification of very
new waste would be difficult if not impossible.
If they have the capability to solidify these
materials, they will probably have to dilute these
wastes to meet maximum heat load regulations

imposed on the solidified materials or by the
ultimate disposal or storage facility. Dilution
would increase the number of canisters required,
and thus the cost would increase proportionally.
If a heating facility could be designed to accept
canisters of relatively new wastes at the maximum
safe concentration, hold the new wastes for a
period not exceeding the licensed lifetime for
the canister, therefore allowing the canister
heat generation rate to drop to a level acceptable
for permanent disposal, all those involved in
waste management would benefit.

COMPOSITION OF HIGH LEVEL WASTE
Fission
Products

q/MTHM
(5 .year)

3H
Rb
Sr
Y
Zr
Nb
Mo
Tc
Ru
Rh
Pd
Ag
Cd
Sn
Sb
Te
Cs
Ba
La
€e
Pr
Nd
Pm
Sm
Eu
Gd

2.6 E3
6.5 E3
1.7 E3
4.3 E2
1.2 E3
6.2 El
6.8 El
4.1 El
1.1 El
3.8 E2
2.0 E3
1.2 E3
9.4 E2
1.8 E3
8.7 E2
3.0 E3
3 El
6.9 E2
1.1 E2
6.6 El

Total F. P.

2.18 E4

3 E-3*
3.1 E2
5.8 E2
3.2 E2
2.6 E3

6. SOLIDIFICATION

__

The high level wastes are difficult to store in
liquid form for the very long periods required.
To insure perpetual stability, the liquids will be
converted by any of several processes to dry
stable solids. First, the wastes will likely be
dried and calcined to reduce volatility. Estimates
vary from 38 to 60 liters of the calcine per metric
tonne of heavy metal reprocessed. The calcine
granules are soluble in water and will most likely
be mixed in glass or metal to insure non-leachability for permanent storage.
Table 2 shows the projected heat generation rates
for calcine and two possible stabilization mater
ials, glass and aluminum. Heat generation is given
as a function of the number of years out of the
source reactor. The borosilicate glass can likely

VOLUMETRIC HEAT GENERATION RATE BASIC
Kw/m3
Calcine
Borosilicate
Years
Aluminum
Glass
1
241/213
148/133
2
123/113
75/71
3
82/71
50/44
4
60/37/5
49/38
30/24
6
41/25/7
35/28
22/18
8
31/19/9
27/17/— .
10
24/22
15/14
11
22/14/12
20/ 13/20
— /,9.6
— /IS
40
— /9.4
—75.0 .
100
- / 1.4

Acti nides
U
Np
Pu
Am
Cm

4.8
2.5
1.5
8.7
2.4

Total Act.

6.25 E3

Total

2.82 E4

E3
E2
E2
E2
E2

Chemicals
HN03
Gd
PO4
Fe
Cr
Ni
Na
*E3 = 10

4.76 E4
9 E3
1.5 E3
1.13 E3
1.89 E2
7.6 El
3.8 El

WASTE FORMS
Calcine
101/290
123/154
82/96
60/49/52
41/35/38
31/27/24/30
22/ 20/ — /21
— /I 3
— /3

TABLE 2

-3

be mixed with the calcine on a fifty-fifty basis
by weight. The aluminum matrix in this case is
considered to do little more than fill the space
between the calcine granules. Researchers are
also considering a carbon coat for the calcine
granules before placing them in a metal matrix.
Table 3 shows the principal waste properties.

TABLE 1
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WASTE FORM PROPERTIES

pw g/cc

Calcine
2.0-2.3/2.0

Borosilicate
Glass
1.2-2.0/0.92

Calci ne-metal
2.0-2.3/1.47

K W/m-oc

0.17-0.29/0.29

.6-1.2/1.2

5-35/32

Tmax °c

700-800

800-800

600/600

Volume m3
MTHM

0.38/0.46/0.60

.05-.12/.082

0.04-0.05/0.51

TABLE 3
The distribution is given in Figure 2, The
7. ARMY HEATING PLANTS
The character of Army energy consumption has drawn
considerable attention since 1973. In Fiscal Year
1975, 158 x 1012 BTU of electrical and heating
fuels energy was consumed by 123 CONUS installa
tions. Of this 59.4 percent was heating fuels and
40.6 percent was electrical. Eight installations
consumed 25 percent of this energy, the next 13
consumed 25 percent, the next 22 consumed 25 per
cent, and the last 25 percent was consumed by the
80 smallest installations. For thermal energy,
the Army utilizes boilers of all sizes from small
localized heaters up to a plant with 1100 MBTU/hr.
The cumulative output between 2 and 1100 million
BTU/hr for 481 plants. This capacity, if equated
to electrical production using 11,000 BTU/Kwhr,
represents 2091 megawatts distributed over 92
posts. The energy consumed by these plants is
primarily oil and natural gas. (Figure 1).

PLANT OUTPUT CAPACITY M B T U /h r

Figure 2.

Distribution by Output Capacity for Army
Heating Plants with output capacity
between 2 and 1100 MBTU/hr.

No. OF PLANTS

integrated capacity (Figure 3) demonstrates the
thermal energy required for the Army. Of these

ENERGY

Figure 1.

Distribution by Energy Source for Army
Heating Plants with output capacity
between 2 and 1100 MBTU/hr.

Figure 3.
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Integrated Capacity for Army Heating
Plants with Output Capacity between
2 and 1100 MBTU/hr.

plants, roughly one out of five operates all year
round. Examples of this demand would be for
laundries, hospitals, industrial and process loads,
absorptive air conditioning, mess halls, commercial
activities and hot water heating. There are 176
Army thermal plants greater than 10 megawatt
thermal (34 MBTU/hr) with a gross capacity of
18,628 MBTU/hr. Obviously, the Army has a
sufficient demand for thermal energy to absorb
the waste canister production for many years.
Our first conceptual design has been for a 5 mega- ■
watt thermal (17 MBTU/hr). Original data indica
ted that the plant would require 480, one foot
diameter canisters. The cost analysis will be
done based on this design but with an updated
power output.
8. PHYSICAL DESCRIPTION
The Army concept is somewhat similar to the RSSF
however, with higher temperatures and heat recovery.
The plant (Figure 4) will have many separated

around 24 canisters each and be configured much
like a revolver cylinder. The heated water will
be separated from the canister by an air gap
between the canister wall and the boiler tube
when operating. Each boiler will contain waste of
approximately the same age to facilitate reload
and maintenance. Steam or hot water quality and
temperature will be controlled by an automatic
valve on each boiler. A large overhead crane
capable of handling one single canister and trans
fer cask or a boiler cover tank will be required.
A train track and loading dock will be adjacent
to the receiving and storage tank. Alternate
concepts are being evaluated including no overpack
or boiler tubes (water submersion), a secondary
heat transfer loop, and alternate boiler config
urations. The canister parameters and form cause
perturbations of the physical plant, thus a number
of options are being considered.
9.

SAFETY

The majority of the in-plant safety considerations
relate to either cladding or centerline tempera
ture, Cladding integrity must be maintained and
the canister wall should not exceed 800°F. The
necessity of monitoring the barriers will be re
solved with operation and with the configuration
of the plant. Plant safety aspects include a
pressure relief valve on each boiler. Shielding
is provided by concrete forming a cell for each
boiler. Shielding above the cell would be pro
vided by either water or concrete during operation.
During maintenance or system emergencies, the cells
would be flooded for cooling and access! The
ability to cool the canisters could be provided by
cooling air ducts. A HEPA filtration system would
be required if ventilated air is utilized.
Radiation monitors will be needed for each boiler
as well as other critical points in the plant.
The facility substructure will be hardened to the
degree necessary. The superstructure will not,
A canister receiving storage, and isolation tank
will provide operational latitude to reduce the
number of shipping costs and allow storage for
maintenance of boilers. A recladding and/or
decontamination facility could be located next to
the cell or tank if deterioration of the canisters
is anticipated in the time frame of use.

Figure 4. Mixed Fission Product Heating Plant
Conceptual Elevation.
boilers,much like a honey-comb. The concentric
tube boilers (Figure 5) will have a capacity of
Canister tubes

Security measures, personnel and public restric
tions, and in-plant safety measures are being
evaluated. Many of the plant and public safety
aspects are directly related to the power of the
canisters when obtained. The higher the power,
the more economically feasible however, safety
measures will be increased. Higher power is also
advantageous to the fuel processors and final
disposal. Higher power and longer retention times
will reduce transit miles and safety requirements
of shipping the canisters. Last, but not least,
the reduction of the number of canisters and long
retention time will give 15 to 20 years advance
in technology for ultimate disposal. The latitude
of options for final resolution would be expanded.
Figure 5. Mixed Fission Product Heating Plant
Conceptual Boiler.
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10.

PLANT ECONOMICS

There are numerous operating strategies for a
mixed fission product heating plant. Some of the
variables include the age of the wastes, the
method of solidification, the canister vessel life
and the maximum heat generation allowable at the
final disposal site. The economic effect of a
mixed fission product heating plant on the US
waste management system must be thoroughly investigated. For the purpose of this study, the
following ground rules were set in order to iden
tify the most cost effective approach.

ALLOWABLE BY 5 K W /C A N IS T E R M A X .

X

ALLOWABLE BY
AGE AND DENSITY

^ M A X I M U M CANISTER
r
d i a m e t e r i f d is p o s a l
TAKES PLACE IO YEARS
A FTE R REACTOR REMOVAL

(1) The mixed fission product heating plant
is not the same as an RSSF in that the waste
materials will be stored no longer than the
licensed canister life - ten to twenty years.

-

3

IO
20

(2) The commercial reprocessor will want to
rid himself of the storage of high level liquid
wastes as well as the solidified waste as early
as economically possible.

Figure 7.

(3) The reprocessor and the permanent disposal facility would have reduced costs if the number
of canisters could be reduced.

30
40
80
60
TO
80
CANISTER R A D IU S i BOROSILICATE GLASS)

Determination of maximum canister diameter
for waste solidified after 1 year, disposed
of after 10 years, and assuming a
borosilicate-glass material,

(4) The reprocessor and the disposal facility
would both prefer canisters to be as large as
possible within reasonable handling restrictions.
(5) The mixed fission product heating plant
would operate most economically if the canister
power was as high as possible but that would be
satisfactory for permanent disposal at or before
the end of the canister safe life.

WATTS

Figures 6, 7 and 8 are derived from the date in
Tables 2 and 3 and the ground rules by assuming

Figure 8. Determination of maximum canister diameter
for waste solidified after 1 year, disposed
of after 10 years, and assuming a calcinealuminum material.

the canister length to be twelve feet and that
the material is solidified at about one year out
of source reactor, calcine has a relatively poor
thermal conductivity and the reprocessor would be
required to use canisters which were less than
five inches in diameter increasing the number of
canisters to be handled and their associated costs.

CANISTER RADIUS (CALCINE)

Figure 6. Determination of maximum canister
diameter for waste solidified after
1 year, disposed of after 10 years and
assuming a calcine material.
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At the end of one year such a canister would be
below the 5KW/canister salt mine disposal criteria.
Calcine is not considered likely, however, because
of its Teachability. For the borosilicate glass
in a canister with eight internal conducting fins
and the calcine-aluminum canister, the thermal
conductivity is much greater and the diameter is
independent of thermal conductivity for anticipated
sized. If the canister lifetime is considered to
be ten years, the maximum canister size is limited
to that whose power would be 5KW/canister or less
at the end of about ten years after removal from
the reactor. The maximum canister diameter appears
to be about ten and six tenths inches for the
borosilicate glass and about twelve and four tenths
inches for the calcine-aluminum.

CAPITAL COSTS
Waste Handling Equipment
37,000
Welding Equipment
312,000
Structure - Basins
2,531,000
Structure - Buildings
608,000
Handling & Process Equipment
268,000
EVectrical
+ 10%
Pipework
+ 15%
Instrumentation + 15%
HV&AC Equipments + 4%
Total

Table 4 was completed by assuming that the power
plant was a four hundred eighty canister plant and
had a forty eight canister per year replacement
rate. Summing the total power by year group, a
plant powered by waste in an aluminum matrix
would gross 7167.2 kilowatts, and in the borosili
cate matrix would gross 6985.8 kilowatts. If the
plant is assumed to be eighty percent efficient,
the net power is 5733.8 and 5588.7 respectively.

$5,408,000

TABLE 5

OPERATING COSTS

■TOTAL IN-PLANT INVENTORY AT 48 CANISTERS PER YEAR
CalcineAluminum

1

•Years
1
2
1 3
. 4
5
6
7
8
9
10

KW/Can
50.5
25.8
17.2
12.6
10.3
8.6
7.3
6.5
5.7
5.0

KW
2422.6
1236.4
824.3
603.1
492.6
412.1
351.8
311.6
271.4
241.3
7167.2

Borosilicate
G1 ass
KW/Can
49.2
24.9
16.6
12.3
10.0
8.3
7.3
6.3
5.6
5.0

KW
2360.6
1196.2
797.5
590.1
478.5
398.7
350.9
303.0
271.1
239.2

Operating Labor
Management
Craft Services

200
47
35

Total MPA

282

MPA x 1.4

395
TABLE 6

6985.8
11. BENEFITS TO WASTE MANAGEMENT

TABLE 4

Using a 10% cost of money for thirty years and
using the capital and operating costs shown in
Tables 5 and 6, the breakeven fossil fuel cost can
be calculated for the aluminum to be $5.65/MBTU
output, or approximately $4.52/MBTU input based
on fuel costs alone. Operating and capital cost
for a comparative fossil plant are not included
for present purposes. This is roughly equivalent
to 62 cents/gal for oil or $113 per ton of coal.
The borosilicate breakeven cost is about $5.80/
MBTU output, $4.64/MBTU input. Again this is
based on fuel costs alone. This is approximately
equal to 64 cents/gal for oil or $116/ton of coal.
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There are a number of benefits accrued by utilizing
the wastes for heat (Figure 9). First, for the fuel
processors, increasing the power per canister
represents lower overall incapsulating cost and
less overall cost for final disposition of a
given amount of waste material with less dilution.
Present planning anticipates a check with each
canister to cover all future storage and disposal
costs. A second benefit would be either fewer
canister shipments or less liquid storage for the
processor. The proposed retention of the material
for a cooling period requires a capital investment.
In addition the savings to the processor could
represent a small savings to the overall fuel
cycle for electrical production.

URANIUM MINING

f
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Figure 9. Nuclear Fuel Cycle with Waste Heat Utilization.
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THE EFFECT OF AEC/NRC REGULATION
ON THE DEVELOPMENT OF NUCLEAR STEAM POWER
David L. Bodde
TRW Energy Systems Group
McLean, Virginia

Abstract
Changing regulatory requirements were an important influence on the
technological development of the Nuclear Steam Supply System. Man
ufacturers felt this influence primarily through increased require
ments for information processing rather than through technical
changes in the hardware. Regulatory change was driven by: the
rapid growth of nuclear plant size; delays in critical safety re
search; public uncertainty regarding how safe nuclear plants should
be; the extreme consequences of a nuclear accident; and strong
pressure for the rapid commercialization of nuclear power.
1.

REGULATION AND NUCLEAR ENERGY

throughout the commercial development of

Regulatory product standards are imposed

nuclear power.

through the political process when the a

lative magnitude of these changes can be

An impression of the re

action of the market fails to provide the

gained from Figure 1.

product performance desired by the public.

NSSS manufacturer, Westinghouse, perceived

The influence of these regulations on tech

the impact of AEC/NRC regulatory changes.

nological change is growing rapidly as more

Not only did the regulations as expressed

This shows how one

products become subject to regulation and

in Title 10, CFR change, but their inter

as the intensity of that regulation in

pretation changed as well.

creases.

By 1972,

Nuclear energy in particular was

Regulatory Guides, the means by which the

developed from its earliest days under the

NRC interprets the regulations for Licen

aegis of the Atomic Energy Commission

sees, had come to dominate changes in

(AEC) and its regulatory successor the

Title 10, CFR.

Nuclear Regulatory Commission (NRC).

This

paper discusses how AEC and NRC regulations
have influenced the commercial development

All this occurred during

a period in which on-line nuclear generat
ing capacity grew by a factor of 10.
2.

REGULATION AND THE NSSS

of the principal manufactured component
of nuclear power - the Nuclear Steam Supply
System (NSSS).

Numerous studies in related high-technology
industries suggest that standardization
can be inhibited when the performance re

It is generally recognized that the re

quired of the product changes frequently

quirements which governed the design, man
ufacture, and operation of nuclear power
plants changed frequently and in the

and in important ways.

Thus,, it was

hypotehsized that continually changing
regulatory requirements might inhibit the

direction of greater technical difficulty
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standardization of the NSSS.

economics of large plants, a strategy not

This, in

turn, would restrain the increases in pro

unlike the well known "curve-tipping"

duction efficiency which typically occur

practiced in turbine-generators.

as a product matures.

factors enabled the NSSS vendors to pursue

The evidence, how

Two

ever, reveals that the effects of regula

this strategy.

tion were far more subtle and complex.

tion by utility managements that the demand

2.1

REGULATION AND NSSS HARDWARE CHANGE

The first was the percep

for electricity would continue to grow
rapidly and predictably.

Thus, excess

Changing regulatory requirements did not

capacity would not be a barrier to the in

emerge as a major source of technological

vestment in larger nuclear plants.

change in the NSSS hardware, at least from

second factor was the lack of operating

The

the perspective of the PWR manufacturers.

experience with large reactors.

Figure 2 presents the results of a series

it was suspected by some that the extra

of interviews with engineers and managers

polation of size over experience might

at Combustion Engineering, Babcock &

cause economic and technical problems,

Wilcox, and Westinghouse.

there was no way to demonstrate this in the

Each check

Although

summarizes the perception of one firm of

absence of operating experience.

the regulatory influence on technological

together with a long tradition among

change.

electric utilities of achieving efficiency

This influence was felt to be

This,

insignificant except for the reactor core

through size, made it difficult for vendors

and instrumentation and controls.

offering smaller plants to win utility

In the

core, for example, the Interim Acceptance

bids.

Criteria for Emergency Core Cooling

of Figure 4.

The result was the "horsepower race"

Systems (ECCS) reversed what had been a
major design objective - increased thermal
performance from each fuel rod.

This is

shown in Figure 3 for representative
Combustion Engineering power plants.

As

NSSS vendors were forced to increase the
number of rods in a fuel assembly in order
in increased core cost.

factor, it is not surprising that it
should be a major source of technical

a result of dimished performance per rod,

to maintain power density.

Since capacity was an important competitive

This resulted

However, these

change in the NSSS.

The perspective of

the PWR manufacturers, Figure 5, confirms
this.

In every component other than

instrumentation and controls, capacity
growth rather than regulation was cited as
the major source of technological change.

changes were generally implemented inside

2.3

NSSS STANDARDIZATION

the envelope of a standard fuel assembly.

Most of the hardware changes which re

Safety and auxiliary systems were also

sulted from the growth in NSSS capacity

strongly affected.

were oriented toward the scale-up of

2.2

existing equipment.

CAPACITY GROWTH IN THE NSSS

Rather than regulation, the principal

at greater efficiency in the design and

source of technical change in NSSS hard
ware was capacity growth.

This did not discour

age the component standardization aimed
production process.

As shown in

Thus, the NSSS of the

larger firms evolved from an essentially

Figure 4, the Mwe rating of nuclear plants

custom-built product toward a modular

grew by a factor of 6 during the 1960's.

configuration.

This was a result of competition among

At Westinghouse, for

example, several NSSS components had

NSSS vendors which emphasized the scale
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become identical across, a wide product
line by 1974. As Figure 6 shows, steam

tions was far more subtle and pervasive

generators, main coolant pumps, and cool

in the NSSS hardware alone. Much evidence
suggests that the principal effect of

than can be discerned by study of changes

ant pump motors became standard components
applied across the Westinghouse product

these regulations on the NSSS manufacturer

line.

was the increased requirement for inform
ation processing.

All fuel assemblies consisted of

standard fuel rods bound (with one excep
tion) in a 17 by 17 matrix.

Control rods

and drive mechanisms were identical except
that greater numbers were required for the

This burden was felt in two ways.

The

first was through technical justification
and analysis aimed at demonstrating to

larger reactors. All other components
differed principally in size.

the AEC/NRC that reactors operating or
in the licensing process continued to be

The smaller NSSS manufacturers, however,

adequate despite the changing regulatory

had not adopted the extended product line

requirements. The second was through
quality assurance.

as of 1974.

Babcock and Wilcox, for

example, evolved through a series of
2.4.1

standard designs in a one-entry product
line.

Technical Justification and
Analysis

The most obvious way in which AEC/NRC
There is absolutely no evidence that

regulations added to the analysis burden

changing regulatory requirements inhibited

of the NSSS vendors was through statutory

the standardization of the NSSS.

To the

changes.

Major changes in ECCS/LOCA*

contrary, the changing requirements may

criteria, new requirements to mitigate

well have been an incentive toward stand
ardization. Once a component had been

common mode failures, changes deriving
from the fuel densification problem, and

thoroughly analyzed and accepted by the

the requirement to reduce radioactive

AEC/NRC, there was a strong incentive not

emissions to the lowest practicable level

to make changes that would provoke a new

were foremost among these statutory

wave of regulatory difficulties.

changes.

In this

manner, regulation implicitly raised the
cost of technological change.

But AEC/NRC regulation also

influenced technical analysis and justi
fication in a second, more subtle way.

Other factors which favored NSSS standard

This was through changes in the amount of

ization were:

information needed to guide each success

(1) high development costs

for reactors and components,

ive NSSS through its licensing process.

(2) high

backlogs relative to capacity which placed

These information requirements came to

a premium on production and suggested to

dominate the requirements imposed by

the manufacturers that tinkering with the
and (3) the "catch-up" strategy of manu

statutory changes because of the unique
way in which regulation and commercial
development interacted.

facturers who entered the nuclear market

It is a remarkable feature of the nuclear

late and pursued standardization in order
to build experience quickly.

industry that the design and construction

2.4

*"ECCS" refers to the Emergency Core
Cooling System which is intended to miti
gate the effects of a Loss of Coolant
Accident, or "LOCA".

product was not necessary to build sales,

THE EFFECTS OF REGULATION ON THE NSSS:
INFORMATION PROCESSING

The influence of changing AEC/NRC regula
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of power reactors proceeded in parallel

increased power of computers and their

with the resolution of important regula

application to the modeling of safety-

tory issues.

related NSSS performance were seen by the

For example, a former safe

ty and licensing manager observed that

industry as providing the AEC with a

many safety issues remained outstanding

greater question-asking capability.

when his first NSSS reached the construc
tion permit stage of licensing.

However,

The experience of one manufacturer,
Westinghouse, with AEC questions arising

the AEC recognized that it "... couldn't

after the docketing of its license appli

hold up the construction permit forever."

cations is shown in Figure 7.

Thus the permit was granted, and the NSSS
vendor continued to work on these issues

Advisory Committee on Reactor Safety

while preparing its second license appli
cation.

The horizon

tal axis represents the year in which the
(ACRS) approved the Preliminary Safety

This procedure was followed on

Analysis Report for each license applica

the first half dozen applications.

tion.

The vertical axis represents the

One outcome of this unique procedure was

number of additional technical questions

the vulnerability of the nuclear industry

which Westinghouse was required to address.

to technological surprise, discussed in

It is clear from Figure 7 that the require

paragraph 3.1.3.

ments for additional information had risen

Another was the contin

ued need of the regulators in the AEC to

sharply by 1974.

ask for additional technical information

is the fact that they have continued to

in order to process license applications.

rise after specific AEC actions were taken

As early as 1966, Marvin M. Mann, the

to stabilize the information requirements

AEC1s Director of Regulation for Nuclear

through standard formats for Safety

Perhaps more significant

Safety, remarked,* "The amount of infor

Analysis Reports.

mation, that should be required at the con

unsuccessful because new safety-related

struction permit state is presently not

issues arose continually.

well defined.
ment."

It is a matter of judg

The impact on the reactor firms of in

In fact the amount of information

creased demands for technical justifica

continued to be poorly defined throughout

tion was felt in three areas:

most of the period of commercial NSSS
development.
that:** " . . .

These actions were

the growth

of the staff necessary to interface with

In 1973, the AEC noted

the AEC/NRC; the need for engineering man

the Regulatory Staff has

power; and a substantial increase in the

found that most safety analysis reports,

amount of computer analysis.

as initially submitted, provide insuffic
Growth in safety and licensing staff.

ient information to permit the staff to

The

history of the safety and licensing organ

initiate its review, and it has been

ization of one firm suggests the influence

necessary for the staff to make specific

of the information processing requirements.

requests for additional information."

This safety and licensing group was estab
These questions became more and more

lished in the early 1960's with a staff

detailed as the AEC regulatory organiza
tion grew in size and sophistication.

of two to three people.

The firm then had

The

*M. Mann.
"The Government's Role and Current Policies," Proceedings
of the American Power Conference, Vol. 28, 1966, pp. 293-296.
**U.S . Atomic Energy Commission.
Reactors and Related Facilities.

The Safety of Nuclear Power
WASH-1250, July 1973, p. 3-12.
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orders for three NSSS'.

Most of the

backfitted with additional safety devices.

staff's time was devoted to the licensing

Even if plant construction had proceeded

process and to maintaining liaison with

to the point where the optimal solution

the customer and the AEC.

was infeasible, a second method could

In those days

it was hoped that a standard license

usually be negotiated with the AEC.

If

application could be quickly developed.

this failed, the draconian penalty would

This would give the firm a competitive

be downgrading of the plant's rated power.

advantage and help compensate for its

Since a power downgrading was probably

lack of experience in the nuclear busi

costly in contractual terms and was acknow

ness.

ledged to be costly in terms of reputation

The initial response from the AEC

was favorable.

However, new safety

great pains were taken to justify the

questions soon arose, and generic licen

existing designs.

sing was never implemented.

The pressures to justify existing designs

Soon the group's workload began to grow

and the growing number of AEC questions

in response to two forces.

began to consume many man-hours and

First, the

number of NSSS orders increased rapidly

require constant, specialized attention.

as the nuclear market began its rapid,

By the late 1960's the organization had

early growth.

split into a separate safety group (about

More importantly, the

workload per plant increased even though

six people) and licensing group (about

the firm kept the basic design of all its

four people).

early plants the same.

The growing work

The safety group would deal

in generic issues affecting several plants

load per plant derived from the method by

at once.

which this company (and all other NSSS

vide direct interface with the AEC and the

vendors) pursued the technical develop

customer.

ment of its reactors in the face of unre

ment responsibility for each license

solved safety issues.

application.

Since many technological questions

was drawn from the remainder of the engin

remained open, very conservative design

eering staff when necessary.

assumptions were made regarding every

By 1968 the safety group had grown to

aspect of the NSSS.

about 12 people and the licensing group to

It was hoped that

The licensing group would pro
It would assume project manage
As before, technical backup

these assumptions would be sufficiently

about 8.

conservative to absorb whatever technolog

tained roughly 24 and the licensing group

By 1970 the safety group con

ical surprises developed during the period

15.

needed for the plants to become operation
al. The burden of the safety and licens

rapid expansion in the late 1960's.
First, the firm introduced two new NSSS

ing group was to show that the design

designs (one of which was dropped after

assumptions remained valid.

only four units had been sold).

Three reasons were given for the

Second,

The risks inherent in this procedure were

it was necessary to provide witnesses and

not believed excessive by the NSSS

technical backup for appearances before

vendors.

the quasi-judicial Atomic Safety and

For one thing, the initial

designs were so conservative that the

Licensing Boards.

firm could usually show that they remained
adequate, despite the later introduction

by the AEC probed into greater design
detail.

of new safety .issues.

In the 1970's, both the licensing and

In cases where

doubt remained, plants could always be
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Third, the questions

safety groups began to fragment into

additional sub-units each of which

justification and analysis in support of

addressed a particular licensing or safe

regulatory requirements.

ty problem.

In safety, for example,

of the total engineering staff is a second

separate sub-units were organized to

manifestation of the increased information

address control problems, loss of coolant

processing burden.

accident (LOCA) problems, and general
safety analysis.

Computer analysis.

The total strength of

Finally, the amount of

computer analysis required per NSSS is a

these units was about 37 professionals in

third indication of the amount of technical

1975. The licensing group was organized
into three distinct units, one which

justification and analysis.

At Combustion

Engineering, the computer usage grew from
about 500 hours in 1967 to 5000-6000 hours

assists the utility in obtaining its con
struction permit and operating license,

in 1972 to 13,000 to 16,000 hours in 1975.
Even this, however, understates the

one which supports the regulatory problem
of completed plants, and one which studies
generic licensing issues.

Thus, the size

requirements for analysis.

The strength

For one thing,

the computer work in 1967 was done on a

of the licensing unit was 21 professionals
in 1975.

CDC 6600, while the later work was done on

In total, the safety and licensing staff

al capacity.

had grown to about 60 people by 1975.

grams became available in later years so

a CDC 7600 with a much larger computation

In

Also, more efficient pro

that year the firm had 18 NSSS' in an

the firm was able to get more computation

active status.

per hour.

Thus, roughly three staff

members were required for each active NSSS

Finally, the balance of com

puter usage shifted from commercial

in 1975 as opposed to less than one in

analysis to regulatory analysis.

1966.

virtually all the computer time was

This threefold increase in the size

In 1967

of the group most closely in contact with

devoted to core analysis pursuant to

the AEC is a direct manifestation of the

commercial objectives.

increased burden of information process

40% of the time was used solely for safety

By 1975, about

ing .

analysis.

Engineering manpower.

neutron physics calculations, many of

An analysis, of the

Another 40% was devoted to

remainder of the engineering staff in the

which provided basic inputs to the safety

same firm showed that the number of

analysis.

scientists and engineers per active NSSS

2.4.2

remained roughly constant from 1967 to
1973.

The second principal way in which regula

This would seem surprising in view

tion increased the requirements for infor

of the evidence of increased standardiza
tion of the NSSS.

mation processing was quality assurance

In principle, product

(QA).

standardization should reduce the need
for engineering staff.

This is essentially an administra

tive task aimed at ensuring the AEC/NRC's

The reduction was

"first line of safety," the prevention of

apparently not felt in this case because

accidents through high quality design,

the engineering staff was required to

manufacture, construction, and operation.

provide analytical support to the safety
and licensing group.

Quality Assurance

The QA concept has grown in depth and

The Chief Scientist

scope since the earliest days of nuclear

of another NSSS manufacturer estimated

power.

that his engineering staff spends from

In terms of depth, the procedures

have become more specific and detailed;

30% to 50% of its time providing technical
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in terms of scope, they have grown to

enormously.

encompass more power plant components and

Two aspects of this documentation added to

operating procedures.

the administrative burden.

The first was

Quality assurance was first codified in

inspection.

1967 when the AEC published its initial

and checks on checks was carried out by

"General Design Criteria for Nuclear Power

the reactor firms and monitored by the

Plant Construction Permits."

AEC.

Criterion 1

of the 70 was a generally worded statement

A rigorous program of checks

The second was traceability.

Critical components had to be traced back

of the AEC's desire that QA be incorpor

to the mill from which the material origi

ated into the design and construction of

nated.

nuclear power plants.

of these in the latest Combustion Engin

The description was

Fuel rods (there are over 56,000

brief, and much room was left for inter

eering core, for example) became serial

pretation .

numbered items, completely traceable for

Apparently, however, more explicit QA

the original and all reload cores.

criteria were felt desirable, and in 1969

One result of this was growth of the QA

the AEC proposed new rules spelling out

staff.

the quality assurance procedures.

QA staff in 1969 consisted of 4 persons

These

In one of the firms studied, the

were published in 1970 as Appendix B to

who monitored QA procedures for 11 active

10 CFR Part 50.

NSSS'.

The new regulation

By 1975 the staff had grown to

included a definition of QA and 18 criter

35 and the workload to 19 NSSS'.

ia which told what a QA system should do.

growth seemed characteristic of the other

This is the regulation under which quality

reactor firms.

assurance is now carried out in the

2.4.3

This

The Costs of Information Processing

nuclear industry.
The accounting practices of the NSSS
There is some evidence which suggests that

manufacturers were not amenable to pre

much of the cost of QA was borne by the
utilities.

cise quantification of the cost of infor

For one thing, the AEC as a

mation processing.

matter of policy held the utilities
responsible for quality assurance from the
earliest days of nuclear power.

which these costs fall.

For

have in the absence of regulation and at

power business without a great deal of

least 8% more.

experience in QA procedures, and the

not sufficient to explain the dramatic ■

But the evidence also

escallation in nuclear plant cost of

indicates quality assurance was a major

recent years.

cost factor for the NSSS vendors as well.

We must look to the bal

ance of plant for a complete understand

Quality assurance directly affects NSSS

ing of these costs.

hardware costs through requirements for

Further research is needed here, but

But more important was the impact

circumstantial evidence suggests that

of QA on the administration of the NSSS
production process.

Thus, the increase in

NSSS cost attributable to regulation is

fixed cost of developing such procedures

rework.

By 1974, an

NSSS cost at most 35% more than it would

another, the utilities entered the nuclear

may have been high.

It was, however,

possible to estimate the range within

regulatory changes may have been most

In general terms, the

strongly felt in the balance of plant.

product itself remained largely unchanged

Some observations:

while its documentation increased
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•

Statistical studies strongly asso
ciate high costs with lengthly
plant licensing periods.

0

The NSSS has declined as a fraction
of plant cost from 14.3% in 1970
to 12.9% in 1974.

3.1

TECHNOLOGICAL UNDERSTANDING AND
SAFETY

Two principal factors seemed to underlie

«

Construction labor increased from
3 to 4 man-hours per KWe in the
mid-1960's to 11 to 12 man-hours
per KWe by 1973.

the inability of the nuclear industry to
demonstrate the safety of its product:
the growth in reactor size which was
accomplished by undertaking large technol
ogical risks, and the failure of the AEC
to pursue critical safety experiments.

•

Architect/engineer services rose
from .5 man-hour per KWe in 1967
to 1.4 man-hours/kwe by 1973.

3.1.1

Growth in Reactor Size

As Figure 4 shows, by 1968 the reactor
®

3.0

The amount of concrete and steel
per KWe fell initially, but in
creased by the late 1960's.
THE SOURCES OF REGULATORY CHANGE

firms were taking orders for NSSS of 1200
MWe capacity when the largest one with
significant operational experience was
rated at 200 MWe.

But even these data

Finally, it is useful to assess the

underestimate the enormity of the extra

sources of changing regulatory require*
•

polation over existing operating exper

ments.

ience.

This is important to the future of

the nuclear industry.

But even more im

As Figure 8 demonstrates, the base

of operating experience at 200 MWe was

portant, the understanding gained from

quite thin.

such an honest appraisal can be applied to

operational NSSS capacity (a measure of

other, nascent energy sources, thus aiding

the depth of experience) to cumulative

in their orderly development.
Four safety-related factors weighed

capacity ordered (a measure of the extra
polation of this experience). Operational

heavily in favor of changes in AEC/NRC

capacity progressed from over 50% of

regulatory requirements:

ordered capacity in the early years of

•

0

©

poorly understood technology which
made it difficult to ascertain how
safe the NSSS really was;
lack of public consensus regarding
nuclear power which made it diffi
cult to establish how safe the
NSSS should be and thus deprived
the AEC and the industry of a fixed
safety target;
the potentially disasterous conse
quences of a nuclear accident which
ensured that indifference would not
be a mitigating factor;

These data relate cumulative

nuclear power to 3.5% in 1967.

Thus, a

very large investment in nuclear power
came to be founded upon a very small
experience base.
The resulting risks were enormous.

For

one thing, the capacity growth was carried
out in an industry in which the conven
tional wisdom considered an extrapolation
of 2 to 1 over operating experience to be
the outer bound of risk.

For another,

growth in plant capacity was achieved by

0

the strong governmental and econom
ic pressures to develop commercial
nuclear power which led to large
scale nuclear commitments despite
the foregoing.

reducing design margins with only moderate
changes in the technology.

As plant size

grew, the safety margins which had been
inherent in the smaller plants decreased,

These circumstances caused the AEC/NRC to

according to the chief scientist in one

adopt a regulatory philosophy which im

reactor firm.

posed essentially open-ended requirements

mean that nuclear plants grew less safe.

on the nuclear industry.

Rather it meant that the ability of the

This did not necessarily

nuclear industry to convincingly demon

LOCA and validate the computer codes used

strate their safety decreased.

in design.

The safety

In addition, LOFT was to have

shown that backup cooling systems were in

analysis was required to extrapolate
further and further from its thin empiri

fact effective and reliable.

cal base.

conceived in 1961 and scheduled for com

At the same time, critical AEC

LOFT was

studies which might have expanded this

pletion in 1966.

empirical base of knowledge were delayed.

been termed by the AEC as the "largest and

3.1.2

Although it had once

most vital" test facility in the safety

AEC Safety Studies

program, preliminary results are only now
The AEC entered the era of commercial

becoming available.

nuclear power with an ambitious safety
program designed to:*
®

e

•

not available to the NSSS vendors through

" . . . develop and establish the
technology, practices, and specifi
cations necessary to upgrade in
dustry standards for designing safe
reactor plants."
" . . . assist in the development of
safety criteria and safety stand
ards which can be used as targets
in plant design and safety evalua
tions to expedite siting decisions.'
" . . . provide the necessary tech
nology on which to base the design
improvements required to assure the
safety of nuclear plants."

out most of the period of this study.
3.1.3

Technological Surprise

As the size of the NSSS increased and
safety research languished, the potential
for technological surprise grew.

developments had a profound effect on the
industry.

The first was the failure of

the AEC1s "semi-scale" tests in the winter
of 1971-72 to verify the conservatism of

these objectives, particularly the last
The first was

earlier.

The second, in 1972, was the

astounding discovery that irradiated fuel

the behavior of fuel rods before and

pellets actually grew denser —

To study this

shrank —

behavior a Power Burst Facility (PBF) was

and hence

rather than swelled as had been

predicted by all previous analyses.

to be constructed at the AEC1s National
Reactor Test Station in Idaho.

Criteria and the reversal of important
core design objectives as discussed

Information was delayed in two part

during an accident.

This resulted in the

hasty promulgation of new ECCS Acceptance

AEC was not entirely successful in meeting

icularly important areas.

In

particular, three totally unexpected

the ECCS designs.
For reasons which are not yet clear, the

one.

Thus, vital research

information regarding reactor safety was

This

revelation produced a major crisis in the

This pro

nuclear industry and temporarily imposed

ject was scheduled for completion in 1967,
but the installation was not ready for

a severe analytical burden on the NSSS
vendors.

research work until late 1971.

The third technological surprise

developed more slowly.

Concern with

Perhaps more important since it pertains

common-mode failure, the simultaneous

directly to the controversial Loss of

failure of a reactor and the safety

Coolant Accident, was the delay in imple

systems designed to mitigate this failure,

menting the Loss of Fluid Test (LOFT).

began in 1969.

This was to have been a controlled loss of

resolved beyond an AEC/NRC decree that

coolant which would provide an understand

manufacturers must demonstrate the pro

ing of the behavior of the NSSS during the*

bability of a common-mode failure to be

The issue has not yet been

*J.A. Lieberman, "The AEC Program for Reactor Safety," Proceedings
of the American Power Conference Vol. 23, 1966, pp 307.
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(JCAE) in 1952, the AEC began its program

"negligibly small."

of commercial reactor development even

What is important here is that some 7 to

before passage of the Atomic Energy Act of

10 years after the beginnings of "commer

1954.

cial" nuclear power, major, unexpected
technological problems arose.

From the beginning, two salient

features of this program stand out.

These pro

blems can be interpreted as the tangible

First, the many issues which grew up

manifestation of poorly understood tech

around the early AEC/JCAE policy dealt

nology .

with how civilian nuclear power should be

3.2

developed, not whether it should be devel

PUBLIC CONSENSUS AND THE CONSEQUENCES
OF NUCLEAR ACCIDENTS

oped.

At the same time that the nuclear industry

Nation's interest. The only arguments
arose over the terms by which the govern

was unable to demonstrate how safe the
NSSS really was, the lack of public con

ment technology should be made available.

sensus made it difficult to say how safe
nuclear power should be.

There was a remarkable consensus

that civilian nuclear power was in the

Second, the AEC received considerable

Thus there was

criticism regarding the rate at which

no way to discern how much safety was

nuclear power was progressing, particular

enough.

ly during the Strauss chairmanship —
Simultaneously, a 1957 AEC study of the

majority of this opinion held that the

consequences of a major nuclear accident,

development was too slow.

the

Thus, an urgent

WASH 740, gained increasing publicity.

need for the development of nuclear power

Based on a series of tenuous assumptions,

was assumed, and that development was made

this study set a theoretical upper limit

a matter of national policy.

on the public damage resulting from a core
melt-down and containment failure of a

3.3.2

200 MWe plant.

The NSSS vendors also felt great pressure

These figures became wide

The Commercial Perspective

ly known and ensured that public indiffer

to develop commercial nuclear power as

ence would not mitigate the inability of

quickly as possible.

the industry to demonstrate the safety of

experience is an example of this.

the NSSS.

GE decided to build the Dresden I reactor

3.3

would lose from $15 to $20 million on the
plant.

Despite the problems arising from tech

This was rationalized as an R&D

expense, and indeed construction of the

nological uncertainty, a lack of public

plant did serve to clarify many technical

consensus, and the severe consequences of

details.

a reactor accident, strong pressures arose

But GE won only two other orders

until 1963.

for the early development of commercial

Other manufacturers were in

similar straits.

These were generated by

Babcock and Wilcox, for

example, sold the Indian Point I reactor

AEC policy and the NSSS vendors' concept

to Consolidated Edison in 1953, and did

of the light water reactor as an interim

not take another order until 1966.

technology.
3.3.1

When

in 1955, the company recognized that it

PRESSURES TOWARD EARLY COMMERCIAL
DEVELOPMENT

nuclear power.

The General Electric

In the meantime, government efforts to

Atomic Energy Commission
Development Policy

develop advanced converter reactors,
breeder reactors, and other energy tech

At the urging of private industry in 1950

nologies were seen as a long-term threat

and the Joint Committee on Atomic Energy
345

to the LWR makers.

The development of

important to the takeoff of the nuclear
market. In brief, these are:

these competing machines would limit the
payback period of the light water reactor.

•

capacity constraints on coal produc
tion ,

•

increases in coal and oil prices,

•

reduced availability of gas,

•

public concern with the environ
mental cost of fossil fuels,

•

utility concern with the cost of
pollution control equipment,

•

rising cost of fossil-fired steam
generating equipment,

•

early price sacrifices by NSSS
vendors,

•

the "bandwagon effect" in which
utilities reinforce each others buy
ing behavior.

The means of getting the LWR on line with
the least delay was the turnkey concept.
In 1963, GE began to sell the entire
nuclear plant, not just the NSSS.

The

firm would take responsibility for every
aspect of plant construction at a fixed
price.

The first of the turnkey plants

was Oyster Creek, a 640 MWe plant ordered
from GE by the Jersey Central Power and
Light Co in 1963.

The turnkey price was

estimated at $139/kw, and GE expected to
sell at least three similar units in order
to reduce the financial risk.

However, it

soon became clear that this and other GE
turnkeys could not be built for the prices

4.0

IMPLICATIONS FOR POLICY

charged, and the firm ceased accepting
such contracts in 1966.

It is now clear that the future of nuclear

Fortune magazine

estimates that GE lost money on every

power is very much in doubt, both in the

turnkey plant it built, eventually losing
over $200 million.*

grand vision of cheap, abundant energy

United States and in Western Europe.

The

from the peaceful atom remains only a
Thus, the entry ticket into commercial

dream, and that dream is held by fewer and

nuclear power was quite high for the major
competitors.

To make this sacrifice

worthwhile, GE, for one, explicitly count
ed on large orders for nuclear plants to
offset its earlier turnkey losses.

But it is also clear that

depends upon the availability of energy.
Thus the implications of the nuclear

The

other manufacturers felt a similar motiva
tion.

fewer persons.

much of what we call social progress

experience for future energy development
ought not to be lost.

Thus, strong financial pressures

were added to the public policy incentives

4.1

IMPLICATIONS FOR PRIVATE FIRMS

for the rapid development of commercial

Unlike the more traditional regulatory

nuclear power.

activities which control pricing, markets,

3.3.3

and the general conduct of business, pro

Market Conditions

duct regulations directly influence the

Finally market conditions in the mid to

rate and direction of technological change.

late 1960's enabled the policies of rapid
commercial development to succeed.

This influence can be particularly import

Philip

Sporn, in his 1968 testimony before the

ant for firms whose products require
entended development times, heavy R&D

Joint Committee on Atomic Energy,

expenditures, and a capital-intensive pro

analyzed several factors which were

duction process.

Such companies cannot

reorient their product in response to
*A.T. Demaree GE's Costly Venture Into the Future", Fortune
October, 1970.
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regulatory concerns without spending great

research from private sources,

amounts of time and corporate resources.

information provides the technical found

(2) the

Thus its important to integrate regulatory

ation needed for regulation, and (3) the

planning into the normal planning cycle of

issues are public rather then private in

the firm.

nature.

To be sure, it will not be

Failure to do this will not make

possible to anticipate regulatory concerns

the concerns go away, but rather will

with a great deal of precision.

direct them into ligitious forums such as

But

neither is it possible to anticipate with

the 1972 AEC hearings which resulted in

great precision market growth, the rise of

the Final Acceptance Criteria for ECCS.

competition, sources of financing, organi

The result may be a wasteful allocation of

zational arrangements, and a host of other

societal resources and missed opportuni

market-oriented factors.

ties for the development of societally

Just as a firm

useful technologies.

would not initiate new product development
without planning for these factors, it

5.0

ABOUT THE AUTHOR

must not do so without considering poten
A native of Missouri, Dr. Bodde graduated

tial regulatory concerns as well.

from the U.S. Military Academy in 1965.
4.2

IMPLICATIONS FOR PUBLIC POLICY

Following Army service in Korea, Vietnam,

The task of government ought to be to

and the U.S., he entered M.I.T. for

assess as early as possible those aspects

graduate study in Nuclear Engineering

of new technologies which are of potential

(MS, 1972) and Management (MS, 1973).

public concern and to develop the basic

He obtained his doctorate in Management

scientific and technical understanding

of Technology from the' Harvard Business

regarding them.

School in 1975, and joined TRW Energy

This is a legitimate

public expenditure since:

Systems shortly thereafter.

(1) the market

He is now

Manager of Nuclear Regulatory Programs.

mechanism is not adequate to elicit such
NOTE:

SOURCE: WESTINGHOUSE ELECTRIC CO.
FIGURE 1. A MANUFACTUER’S PERSPECTIVE OF IMPACT ON THE NSSS

347

.. .
l------- ---------------------------

REGULATION INFLUENCED TECHNOLOGICAL CHANGE IN A W AY TH A T WAS

1
COMPONENT

MAJOR

1

M O D ER A TE

1

IN S IG N IF IC A N T

_____ -________________________1_____________________ 1__
REACTOR PRESSURE VESSEL

i
!

CONTROL RODS AND CRDM'S

CORE

j

7

-

1
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1
ECCSAND FUEL DENSI FIC A TIO N : ONE.
TIME, MAJOR CHANGE / / /
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________________ '____________ 1__
STEAM GENERATORS

7 /

---------------------------- J —

7 /7

1

a
I
)
'

1

1

,

|

I

7 /7

1

t----------1
[
77/
f ---------------------------------- -1--------------------------------

MAIN COOLANT PUMPS

PRESSURIZER

:
FREQUENT, ONGOING CHANG E ;
ATWS IMPORTANT
y/vV

INSTRUMENTS AND CONTROLS

SAFETY AND A U X IL IA R Y SYSTEMS*

7 7

'N O T CONSIDERED PART OF BASIC NSSS
" D A T A NOT OBTAINED FROM THIRD FIRM

J

1
.
i
J
*------------------------------------•
1
1
|
J
|

j

- RESPONSE OF ONE NSSS VENDOR

SOURCE: PWR MANUFACTURERS
FIGURE 2. EFFECT OF REGULATION ON THE NSSS

SOURCE: FSAR & PSAR DATA
FIGURE 3. FUEL ROD PERFORMANCE: COMBUSTION ENGINEERING
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vW

1
j

,

.

CAPACITY OF LARGEST NSS ORDERED
IN YEAR N
MIDDLE LINE = MEAN CAPACITY OF COMMERCIAL
NSS ORDERED IN YEAR N
BOTTOM LINE = CAPACITY OF SMALLEST NSSS
ORDERED IN YEAR N
DASHED LINE - CAPACITY OR LARGEST COMMERCIAL
NSSS OPERATING FOR AT LEAST 1 YEAR

DERIVED FROM: U.S. ATOMIC ENERGY COMMISSION
THE NUCLEAR INDUSTRY 1974

NO NSSS SOLD IN 1964

WASH 1174-74

FIGURE 4. LWR SIZE GROWTH, MWe

CAPACITY EXTRAPOLATION IN FLUENCED TECHNOLOGICAL CHANGE IN A WAY THAT WAS . . .

COMPONENT

MAJOR

REACTOR PRESSURE VESSEL

■

CORE + INTERNALS

M OD ERATE

777

(s i z e )

v W

(Q UANTITY)

777

CONTROL RODS A ND CRDM'S

MAIN COOLANT PUMPS

(QUANTITY)

777(size a n d / o r

STEAM GENERATORS

777

IN S IG N IF IC A N T

q u a n t it y )

(SIZE AND/OR Q U A N TITY !

7 7 7 (size)

PRESSURIZER

INSTRUMENTS AND CONTROLS

777

SAFETY AND A U X IL IA R Y SYSTEMS*

777

"NOT CONSIDERED PART OF BASIC NSSS

= RESPONSE OF ONE NSSS VENDOR

SOURCE: PWR MANUFACTURERS
FIGURE 5. EFFECT OF CAPACITY EXTRAPOLATION ON THE NSSS
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| M O D EL

NSSS MODEL
MWe RATING

PRESSURE VESSEL

M AJO R COMPONENTS

CONTROL RODS AND
DRIVES

FUEL ASSEMBLIES

2 LOOP • 12' CORE

3 LOOP • 12' CORE

4 LOOP - 12' CORE

920 MWe

600 MWe

1150 MWe

3 LOOP - 14' CORE*
1000 MWe

132 IN ID
Sz

157 IN ID
Sz

41 CLUSTERS
Q

57 CLUSTERS
Q

65 CLUSTERS
Q

17 X 17 A R R A Y
157 ASSEMBLIES

17 X 17 A R R A Y
193 ASSEMBLIES

17 X 17 A R R A Y
157 ASSEMBLIES

16 X 16 A R R A Y
121 ASSEMBLIES

173 IN ID
Sz

157 IN ID
Sz
57 CLUSTERS
Q

4 LOOP • 14' CORE*
1280 MWe

173 IN ID
Sz
69 CLUSTERS
Q
17 X 17 A R R A Y
193 ASSEMBLIES

CORE INTERNALS

Sz

Sz

Sz

Sz

Sz

PRESSURIZER

Sz

Sz

Sz

Sz

Sz

STEAM GENERATORS

MODEL D

MODEL D

MODEL D

MODEL E

MODEL E

M AIN COOLANT
PUMPS

MODEL 93A1

MODEL 93A1

MODEL 93A1

MODEL 100

MODEL 100

MOTOR HP

7000
S

7000
S

8000
S

SOURCE:

7000
S

D A V ID L. BODDE
"R EG U LA TIO N AND TECHNICAL E VALUATIO N:
A STUDY OF THE NUCLEAR STEAM SUPPLY
SYSTEM AND COMMERCIAL JET ENGINE"
UNPUBLISHED DOCTORAL THESIS,
HARVARD UNIVERSITY, GRADUATE SCHOOL
OF BUSINESS ADM INISTRATION

8000
S

NOTATION:
= 14' COMPONENTS SIM ILAR TO EACH OTHER BUT
DIFFERENT FROM 12' COMPONENTS
S = COMPONENTS TE CHNICA LLY SIM ILAR IN A LL
IMPORTANT WAYS
Q = COMPONENTS SIM ILAR ACROSS PRODUCT
LINE EXCEPT IN QUANTITY
Sz = COMPONENTS SIM ILAR ACROSS PRODUCT
LINE EXCEPT IN SIZE

FIGURE 6. WESTINGHOUSE NSSS PRODUCT LINE: 1974

SOURCE: WESTINGHOUSE ELECTRIC CORPORATION
FIGURE 7. AEC REQUESTS FOR INFORMATION
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BY END OF
Y E A R .. .

(1)
CUMULATIVE
CAPACITY
ORDERED,
MWe

A L L P R IO R T O 1 9 6 2

(2)
CUMULATIVE
CAPACITY
OPERATIONAL,
MWe

(3)
(2) as %
OF (1)

910

465

5 1 .1

1962

1 ,5 3 5

730

4 7 .6

1963

4 ,0 8 0

795

1 9 .5

1964

4 ,0 8 0

795

1 9 .5

1965

8 ,5 9 1

870

1 0 .1

1966

2 5 ,0 1 4

1 ,7 2 0

6 .9

1967

5 0 ,5 9 0

1 ,7 6 0

3 .5

1968

6 3 ,5 4 7

2 ,7 6 5

4 .4

1969

7 0 ,7 5 0

4 ,0 3 0

5 .7

1970

8 5 ,0 8 0

5 ,8 2 6

6 .8

1971

1 0 4 ,9 7 1

9 ,2 3 2

8 .8

1972

1 4 0 ,6 9 0

1 2 ,1 3 2

8 .6

DERIVED FROM:

U.S. ATOMIC ENERGY COMMISSION
THE NUCLEAR INDUSTRY 1974
WASH 1174-74.

FIGURE 8. THE DEPTH OF EXPERIENCE: OPERATING CAPACITY VS. ORDERED CAPACITY
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DE FACTO LIMITS TO GROWTH:

FEDERAL ENVIRONMENTAL POLICY

AND DOMESTIC ENERGY DEVELOPMENT IN THE UNITED STATES

Richard H .K . Vietor
Department o f H istory
U niversity o f M issouri-C olum bia

Abstract
This paper argues that public environmental p o lic y , since 1969, has
imposed de facto lim its on the growth o f A m erica's econom y. A plethora o f
regu lation s, in response to widespread public resistan ce to industrial
growth, has already circumscribed energy developm ents to the point o f
in ertia. These national p o lic ie s re fle c t changed public v a lu es, the
im plications o f which should be acknowledged and evaluated by corporate
and governm ental energy planners and by the energy consumer as w e ll.

M . I . T . computer sim ulation, this study predicted

1. INTRODUCTION

that " i f the present growth t r e n d s .. .continue un

The formulation o f any national energy p o licy must
acknow ledge "lim its to grow th" as more than m ere
ly a subject o f academ ic deb ate.

be reached sometime within the next one hundred

For nearly seven

y e a r s ."

years, public valu es and public p o licy have

But the authors a lso found that " it is

p o ssib le to alter th ese growth trends and to

c le a rly evin ced a downgrading o f econom ic growth
as the number one priority o f industrial capitalism .

establish a condition o f e c o lo g ic a l and economic
s ta b ility . " (1)

W hile there have alw ays been individuals who

Scholars from various d isc ip lin e s ,

such as E .F . Schumacher, Herman D aly, and Paul

resisted the encroachments o f industrial growth

Ehrlich, joined the fray in support o f economic

on environmental q u a lity , rarely did that

equilibrium .

resistan ce penetrate the lo fty realm o f federal
p o lic y .

changed, the lim its to growth on this planet w ill

Others, lik e Herman Kahn, the

con troversial director o f Hudson Institu te,

But since 1969, federal environmental

characterized these view poin ts as "dangerous"

p o lic ie s , re flectin g that resista n ce, have already

and "N eo-M a lth u sia n , " the products o f educated

gone beyond simply regulating resource u tiliza tion

"in c a p a c ity . " (2)

to impose de facto lim its on energy development

But the in tellectu a ls debating

lim its, as w e ll as the corporate leaders clin gin g

in the United States.

to g ro w th -o r-else dictums, have already been
bypassed by h istorica l change.

The great growth debate c o a lesced in 1972 with
the publication o f LIMITS TO GROWTH, a book
sponsored by the Club o f Rome.

Am erica's 1970 environmental revolu tion was

Based on an
352

marked sym b olica lly by the January 1 enactment o f

its nuclear power plant licen sin g ru les, forcing

the National Environmental P o lic y Act (NEPA) and

substantial delays and cost in creases on nuclear

the April 22 Earth Day celeb ra tion .

plant construction. (7) A low er court NEPA ruling,

In p ersp ective,

both events re flected a departure from this nation's

in Sierra Club v . M orton, required a comprehen

expansion ist tradition.

s iv e m ultistate impact statement as a prerequisite

Earth Day ra llied hundreds

o f thousands o f citiz e n s protesting m aterial growth

to new co a l strip mining in the W e s t.

which detracted from q u alita tive betterm ent.

by this demand, Exxon and Shell O il suspended

A

Frustrated

M ay 1970 Gallup p o ll bore w itness to this shift

contracts to build two huge co a l surface mines in

in public valu es which elevated air and water

Novem ber, 1975.

pollution control to a higher priority than such

recen tly overturned, those two mines remain

traditional econom ic concerns as employment and

unbuilt.

improved edu cation. (3) The C ongress mirrored

rulings in the constraint o f growth must certainly

th ese new public valu es by establish in g in NEPA

be something more than fluky v ic to rie s by bright

a national p o lic y balancing "p rod u ctivity" with

young environmental la w yers.

W hile that d ecision was

In six years, dozens o f NEPA court

an "en jo y a b le harmony betw een man and his
environm ent. " (4)

The annual controversy surrounding fed eral coal

Since 1970, a plethora o f

fed eral law s and regulations have e x p lic itly

surface mining controls is a second indication o f

subordinated growth valu es to health, w elfa re,

public and congressional w illin g n ess to lim it

and even aesth etic o b je c tiv e s .

energy developm ent.

M oreover, those

Since 1970, hundreds o f

same mandates have im p licitly lim ited growth by

c itiz e n , environm entalist, and farmer groups

redirectin g fin ite econom ic resources (labor,

have adamantly sought to circum scribe or even

c a p ita l, m aterials) towards non-growth ends.

abolish co a l surface m ining.

Each year, CASM,

the C o a litio n Against Strip M ining, has reaffirmed

2. THE POLICIES THAT LIM IT

its g o a l o f abolishing surface m ining.

This

Enforcement o f the N ational Environmental P o licy

co a litio n co n sists o f twenty national and

Act was the first evid en ce o f these lim its .

region al conservation groups, nineteen church

NEPA's

now famous section 102(c) requires that any

orga n ization s, and it is supported by nearly 300

fed era l action a ffectin g the environment must be

more lo c a l citiz e n grou ps. (8)

ju s tifie d by an environmental impact statement
d eta ilin g the environmental costs o f the action
and any co n c eiva b le a ltern a tives.

H ech ler's b ill to abolish c o a l surface mining

Com pletion o f

a ltogeth er. (9) The Senate in 1973, and both

the Alaska Pipelin e was delayed severa l years by

houses in 1974 and 1975 approved le g isla tio n

the preparation o f an impact statement, by c o s tly

th a t, had it not been v e to e d , would have

changes mandated by the statem ent's fin din gs,

imposed not mere regulation but lim its on strip

and by lengthy litig a tio n ch a llen gin g the adequacy
o f the statement. (5)

In 1974, 88

congressm en co-sponsored Representative Ken

mining developm ent.

In NRDC v . M orton , the

Those b ills contained

provision s to restore slope to o rigin a l contour,

courts sustained con servation ist criticism s o f

and would certain ly have precluded some coal

Interior Department rules for lea sin g offsh ore o il

ext raction from the more steep ly sloped terrain

and g a s . (6) As a result o f the C a lvert C liffs '

o f V irgin ia, W est V irg in ia , and Kentucky.

d e c is io n , the Atomic Energy Commission revamped

Water

and re v e g e ta tiv e requirements would have stopped
353

surface mining developm ent in the arid regions

Current projections in dicate that a m edium -sized

(under 10 inches annual ra in fa ll) o f Utah, Arizona,
and N ew M e x ic o ,

synfuel plant w ill require a d a ily flo w o f

Additional provisions forbade

approxim ately 50,000 tons o f w ater.

mining in N ational Forests, a llu via l v a lle y s , and

differen t liqu efaction p rocesses consume varying

pla ces determined to by "unsuitable for surface
m ining, "(10)

W hile

amounts o f water, a ll generate effluent streams

M oreover, w hile these provisions

contaminated by a dozen or more pollutants.

would e x p lic itly circum scribe some co a l energy

For

exam ple, the Ralph Parsons design for a m odest

developm ent, the strict reclam ation controls

sized (10, 000 tons o f co a l per day) Synthetic

would im p licitly lim it growth o f surface mining

Refined Coal plant projects 46,000 gallons per

by redirecting cap ita l, otherw ise a va ila b le for

hour o f w aste water d isch a rge. (14)

developm ent, towards non-growth expenditures

Even after

elaborate chem ical treatment, b io lo g ic a l separation,

for reclam ation ,

holding and settlin g, this p la n t's effluent is
projected to have the fo llo w in g ch aracteristics

In 1973, Carl Bagge, president o f the N ational

when fin a lly discharged to the environment:

Coal A ssociation , declared it "in con ceiva b le that

Pollutant

Congress should be considering action(on surface
mining) that would stop the current production o f
nearly as much energy in the form o f co a l as the
blocked Arab o il shipments rep res en ted ," (11)
Bagge was wrong.

It was eminently co n ceiva b le

within the new framework o f public valu es which
alert p o litico s have recogn ized .

B O D (biological oxygen demand)

134.5

TSS(total suspended s o lid s)

165

C O D (chem ical oxygen demand)

576

O il and Grease

8.64

Phenols

4.8

Total Chromium

91

And it is indeed
Even on paper, these efflu en t loads exceed the

lik e ly that public and congression al support for

1983 lim itations for coke plants and petroleum

such surface mining controls w ill p revail before
this decade ends.

Lbs./day discharged

cracking plants o f comparable s iz e (those standards

In the meantime, the unsettled

w ill be sim iliar to the as yet unpromulgated

state o f p o licy has delayed investment capital
from nurturing yet another energy developm ent. (12)

liqu efaction standards). (15)

What does this mean?

No doubt com pliance with the 1983 lim itations is
Federal water qu ality law s further impose lim its
on energy growth.

p o s s ib le , but only at far greater expense than is

The Federal W ater Pollution

currently planned.

Control Act o f 1972 e s p e c ia lly a ffec ts such

sin gle synfuel development planned in 1972 has

water in tensive developm ents as co a l g a sifica tio n
and liq u efa ction .

y e t approached the construction phase.

That la w authorized esta b lish 

boards could p o ssib ly com ply with 1985's zero

on "best a va ila b le demonstrated control tech n o l

effluent g o a l.

For
The real exemplar o f de fa cto lim its to growth is

1983 how ever, the Act mandated effluent

the 1970 Clean Air Act, le g is la te d in the wake o f

lim itation gu idelines reflectin g "b est a vailable
technology econ om ically a c h ie v a b le . "

M oreover,

no synthetic fuel plant presen tly on the drawing

ment o f New Source Performance Standards, based

o g y , " for industrial plants built after 1972.

This is one reason why not a

Earth D ay.

And

The provision s o f that act were so

ra d ic a lly different from those o f previous

fin a lly , that 1972 la w dictated a national p o licy

le g is la tio n that they constituted an en tirely new

go a l o f zero pollutant discharges by 1985.(13)
354

regulatory direction , not m erely an addition to

decried the w oes o f scrubber systems and their

ex istin g p o lic y . (16) The Act enunciated non-

w et sludge byproduct. (21)

In 1974, an Environ

techno lo g ic a l, non-econom ic criteria for regu la 

mental Protection Agency hearing panel concluded

ting air q u ality. (17)

that FGD system s, although fraught with m echani

Ambient Air Standards and

N ew Source Performance Standard s(NSPS) were

ca l problems, did w ork.

based on previously establish ed health tolera n ces,

on 90,000 megawatts ca p a city by 1980, ca p ita l

exclu ding any consideration o f whether com p li

co sts at $60/kw would run a minimum o f $4.5

ance was tech n ically p o ssib le or econ om ically

b illio n , not to mention an annual operating energy

fe a s ib le .

penalty 5.5 percent o f generating c a p a c ity . (22)

This princip le was revolutionary in the

To meet primary standards

p ersp ective o f traditional American regulatory

That is a siz e a b le pricetag just to meet primary

p o lic y .

standards fiv e years after the 1975 d ea d lin e,

When the Environmental Protection

Agen cy promulgated the standards in 1971, the

meeting the secondary standards is even more

energy industry was a p p a lled .

c o s tly .

The sulfur oxide

to d ,

For the n ew est generating unit at the

standards were the c h ie f concern o f c o a l, o il,

Four Corners Power Project in N ew M e x ic o , the

e le c tr ic u tility and sm elting in te re s ts . (18)

unit co st o f generating power was $100/kw, w hile

Primary standards, to be ach ieved by 1975, lim it

the unit co st o f pollu tion controls, prin cip ally the

ambient SOx concentrations to .14ppm in any 24

scrubber, was $125/kw to attain 90 percent SOx

hour period, and to ,03ppm for an annual

removal from burning lo w sulfur c o a l. (23) And

arithm etic mean. (19)

th ese huge ou tlays o f ca p ita l do not include the

Furthermore, the secondary

standards, with a 1978 com pliance deadlin e, are

co sts o f e le c tro s ta tic precipitators to control

s t ill more strict, and include nitrogen o xid e

particulates nor the y e t- to - b e invented d e v ic e s

lim its as w e ll as those for sulfur oxides and

for controlling NOx .

particu late matter.

And per its con gression al

There is a fin ite supply o f investment ca p ita l for

mandate, the EPA went on to promulgate em ission
standards for new industrial plan ts.

future energy developm en t.

For exam ple,

When existin g public

p o lic y mandates that a large portion o f a va ila b le

new c o a l-fire d , steam generating plants with

ca p ita l be spent on environmental controls, the

a capacity greater than 250 m illion Btu./hr. are

portion remaining is ob viou sly sm aller, and

restricted to a two-hour maximum em ission

econom ic growth has been proportionately lim ited .

concentration o f 1.2 lb s . o f SOx per m illion B tu .,

The extraordinary aspect o f the Clean Air A ct's

.1 lb . o f particu lates, and ,21b. o f NOX (20).

standards is that econom ic growth is simply

Equally rigorous standards were served on the

irrelevan t.

other stationary sources o f pollu tion .

The deep sig n ifica n ce o f that fa ct is

y e t to be grasped by corporate leaders who warn

Industry reaction to th ese regulations was

that environmental regulations are interferring with

overw h elm in gly n e g a tiv e .

lick in g the energy c r is is .

A heated public

Nor is it appreciated by

controversy arose o ver the tech nical w orkability

consumers who s till demand cheap e le c tr ic ity and

and huge costs o f flu e ga s desulfurization(FG D )

pristine air as w e ll.

system s.

The gian t in vestor-ow n ed u tility ,

Going beyond th ese standards, the preamble o f

American Electric Pow er, led the debate with

the Clean Air Act contained a joker responsib le

fu ll page adds in the national media which

for converting the growth debate into a national
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p o lic y controversy.

The stated purpose o f the

e ffic ie n c ie s o f sca le by locatin g at the site o f the

1970 Act was to "protect and enhance" air

coal resou rce.

q u ality. (24)

reserves near fed era l lands which w ill be d e s ig 

"Enhance" c le a rly meant improve

dirty air in polluted urban area s.

But could

Since there are ex ten s ive co a l

nated c la ss I, NSD w ill certain ly inhibit some

"p rotect" p o ssib ly mean keeping industrial

m in e-site energy developm ent.

pollution from sig n ific a n tly deteriorating pristine

restrictions w ill reduce u tiliza tion o f western

air in undeveloped rural areas?

lo w -su lfu r c o a ls , w h ile the Clean Air Act standards

This was pre

Secondly, NSD

c is e ly the meaning o f "p rotect" as it was

detract from the u tiliza tio n o f eastern high-sulfur

understood by planners in the old National Air

c o a ls . (29)

Pollution Control Administration as early as

greater, non-productive ca p ita l requirements that

1968.(25) And in 1973, the Supreme Court

NSD restrictions e s p e c ia lly lim it grow th.

ordered the fed eral government to enforce no

N ational Economic Research A ssociates conducted

sign ifican t deterioration in com pliance with the

a study for the EPA, a sses sin g the co st impact o f

w ish es o f C o n gress. (26) This le ft the EPA with

the Clean Air Act and particularly the NSD

the unenviable task o f formulating standards that

provision s currently being considered by the

would lik e ly preclude much econom ic developm ent.

Senate. (30) The study projected that between

In December, 1974, the EPA issued its "g u id e 

1975 and 1990, the ca p ita l requirements to

lin es for preventing sign ifican t deterioration . " (27)

generate e le c tr ic ity would be $484.55 b illio n .

Excepting fed eral lands, the EPA shifted the

Clean Air A ct, not including the NSD p rovision s,

burden o f defining "sig n ific a n t" to the various

would ra ise ca p ita l requirements by $38.22 b illio n

sta tes.

o ver the fiftee n ye a r period . (31)

N on -federal lands were to be c la s s ifie d

in any o f three c a te g o rie s .

Air regions

But it is in the de facto im position o f

The

The

On top o f that,

the Senate b ill(S .3219) NSD provision would

designated c la s s I would be allow ed to d eterior

in crease capital co s ts by another $10.67 b illio n .

ate approxim ately 8 percent o f the secondary

According to the study, annual revenue requ ire

standard for particulates and 3 percent o f the

ments, in addition to ca p ita l requirements, would

sulfur oxide standard.

be increased by $47 per household per year by 1990.

At the other extrem e,

c la s s III air could deteriorate down to the

This would amount to a fifteen year clea n air b ill

national secondary standards.

o f nearly $1800 for eve ry American household. (32)

Environmental

ist and industrial groups promptly initiated

I f these estim ates are even near accu rate, then

litiga tio n ch allenging these rules, and

very large sums o f money w ill be diverted both

demanded that Congress re s o lv e the issu e by
amending the Clean Air A ct.

from grow th-related ca p ita l investm ents and from

Congress has now

growth-producing consumer expen ditu res.

been struggling with the problem for 22 months.

Of

course, these air q u ality monies w ill contribute

The n o -sig n ifica n t deterioration(NSD ) rules

to the GNP in the form o f new control equipment

w ill lim it econom ic growth in several w a ys.

industries and w a ges, but lik e m ilitary expen di

First, they w ill prohibit large s c a le, e ffic ie n t

tures, they w ill not contribute to mainstream

energy developm ents in at lea st fiv e percent o f

econom ic expansion.

the land area o f the United States (mandatory

detract from the pool o f growth ca p ita l a va ila b le

c la s s I d esign atio n s). (28)

to the energy in du stries.

Mine-mouth power

plants and synthetic fu el plants generate

In fa ct, they w ill e x p lic itly

The n o -sig n ifica n t

deterioration issu e has generated intense lobbying
\
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and heated d eb a te in Congress throughout this

argue that th ese national p o lic ie s do not re fle c t

s es sio n .

the w ill o f the American p eo p le.

W h ile both the Senate and the House

They argue that

approved C lean Air Act amendments containing

lim its to growth is sought only by the radical

NSD p rovision s, the b ill died by filib u ster just

fringe o f e lit is t en vironm entalists.

hours before the c lo s e o f this congression al

p o ll, conducted by the Opinion Research Corpor

s es sio n .

ation, "show ed that 94 percent o f the American

It was the two senators from Utah, the

But a 1975

state which would be most seriou sly a ffected by

people oppose a p o lic y o f dispersing air pollution

n o -sig n ifica n t deterioration , who conducted the

into areas which s till have clean air and favor

filb u ster.

keeping clean air areas as clean as th ey are

When establish ed, the fin a l form o f

n o -sig n ifica n t deterioration rules w ill be an

now. "(3 6 )

From th is, the Federal Energy Agency

interesting statement o f the degree to which this

has concluded that "In gen era l, Americans are

nation has adopted an econom ic philosophy o f

w illin g to pay what we have estim ated they w ill

lim iting grow th. (33)

need to pay for clean er a i r . " (37) In the M ay 25
Democratic primary in Idaho, residents o f three

3. THE LIMITS OF PUBLIC VALUES

counties overw helm ingly rejected by referendum
There can be lit t le argument that fed eral p o lic y

an Idaho Power C o. proposal to build a new c o a l-

since 1970 has in crea sin gly imposed de facto
lim its on Am erica's econom ic growth.

fired power plant. (38)

None o f

the nation have used the courts and the ballot

the six p riva te ly owned co a l g a s ific a tio n projects

to block road construction, airport expansion, and

has made any progress towards construction in
the past two y e a rs . (34)

strip mine developm ents.

R ecently, Southern

power p la n ts, throwaway con tain ers, and u tility

dem ise o f their thirteen year o ld , 3,000 megawatt

rate hikes for financing future construction.

They blamed

It

would seem that the p eop le, at lea st a great many

environm entalist opposition for "beating the
project to d ea th . " (35)

The November ballots

in a dozen states include referenda on nuclear

C aliforn ia Edison o ffic ia ls glumly announced the

Kaiparowits generating p ro jec t.

C itiz e n s ' groups across

o f them , are w illin g to lim it industrial growth as

But the w eigh t o f existin g

the p rice o f a better environment.

federal p o lic y in the form o f NEPA requirem ents,
In a recent ed ito ria l, Llew ellyn King, the

surface mining and air pollution restrictions

publisher o f the ENERGY DAILY, commented that

caused six years d ela y, a 50 percent reduction

the "opponents o f nuclear p o w e r .. .growth and

in planned ca p a city, and the in flation o f

advanced tech nology have been moved not at all

projected costs from $500 m illion to $3.7 b illio n .

to recogn ize the fre e ly expressed w ill o f the

Nuclear power is s till w orse o ff, as dozens o f

pu blic. . . " (39) I would not argue that a ll the

projects have been ca n celled and the Nuclear

go a ls o f organized environm entalists re fle c t the

Regulatory Commission recen tly declared a

w ill o f the m ajority o f the citiz e n ry .

moratorium on the issuance o f construction
perm its.

But clea rly

M r. King, and most industrial lea d ers, have

And fin a lly , on September 23, the

fa ile d to recogn ize the sign ifican ce o f a

House k illed le g is la tio n that was to have

fundamental change in public v a lu e s .

provided $4 b illio n in loan guarantees for the

As Mr.

King su ggests, "Had an environmental impact

synthetic fu els industry.

statement been required before the W right
There are those in Congress and industry who

brothers started their adventure at Kitty H aw k,
357

3. NEW YORK TIMES, Aug. 30, 1970.

It would surely have found against the d e v e lo p 
ment o f a v ia tio n ." (40) No doubt, but in 1903,

4. Pub. L. 91-190, 83 Stat. 852.

public valu es were not opposed to growth per s e .
5. W ildern ess S ociety v . H ick e l, 325 F.Supp. 422

Today, the evid en ce o f public opinion and the

(D .D .C . 1970).

direction o f public p o licy argue strongly that

6. N R D C v . Morton, 3 ERC 1558(D .C . C ir. 1972).

public valu es have undergone sign ifican t change.
Smaller fa m ilies , low er birth rates, higher

7. C alvert C liffs ' Coordinating Comm. v . AEC,

material livin g standards underscore this
transition.

449 F.2d 1109, 2 ERC 1 77 9(D .C . C ir. 1971).

Loss o f community in co lla p sin g
8. Louise Dunlap, Coordinator, COALition Against

c itie s and inundated rural v illa g e s have ca lled

Strip M ining, in terview with author, W ash. D . C . ,

to question Keynesian principles o f growth

Feb. 6, 1974.

capitalism .

9. C o-sponsorship lis t provided by Congressman

This essay intends neither criticism nor
commendation o f lim its to growth.

Ken H ech ler's o ffic e , W ash. D .C .

Rather, it

seeks to make two points and a recommendation.

10. CONGRESSIONAL RECORD, July 25, 1974,

First, public valu es since 1969 have shown

"Surface Mining Control and Reclamation Act o f

increasing w illin gn ess to s a crifice econom ic

1974," H7156-H7174.

growth in the form o f energy developm ent for

11. quoted in Southern C oals C on ference,

perceived improvements in the qu ality o f l i f e .

COMMENTARY & RESEARCH SERVICE, v o l. 34, no.

Second, public p o lic y since 1969 has re flected

44(N o v. 1, 1973), 3.

this w illin gn ess by mandating environmental
12. E.R. Phelps, president, Peabody Coal Com

regulations which have im p licitly imposed lim its
on Am erica's economic growth.

pany, in N ational Coal A ssocia tion , 56th ANNUAL

Limits to growth

CONVENTION, June 18, 1973, p .1 0 7 .

is neither a threat nor a g o a l, but rather an
accom plished fa ct.
this fa c t.

13. Pub. L. 92-500, 816 S ta t., section s 301,

It is time to acknow ledge

304, 306.

Corporate and governmental energy

planners must a ssess the im plications o f this

14. Ralph M . Parsons Company (under contract to

new p o licy d ire c tio n , consider a ltern a tives, and
plan a ccordin gly.

O ffic e o f Coal Research), ENVIRONMENTAL FAC

Likew ise, c it iz e n s - -

TORS IN COAL LIQUEFACTION PLANT DESIGN

consumers— should also examine the im plications

M ay,

1974(NTIS, PB 235-802).

o f p o licies lim iting growth, and decide i f they
15. Bureau o f National A ffa irs , ENVIRONMENTAL

are w illin g to pay the price o f a steady state

REPORTER - FEDERAL REGULATIONS, 135:0464-

econom y.

135:0470.
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ECONOMIC ASPECTS OF IMPOSED AIR STANDARDS
John H. Hoag and J. David Reed
Department of Economics
Bowling Green State University
Bowling Green, Ohio
in terms of the legislation that was

Due to concern for the state of the
environment, the federal government passed
laws forcing industry to accomodate the
wishes of environmentalists. In particular
the Clean Air Standards Act imposed a
measure of air pollution and dictated an
upper bound on the amount of allowable
air pollution in terms of this standard.
This paper attempts to investigate the
impact of such a law in the context of a
two firm world. In the model each firm
produces output and pollution so as to
maximize profit. The pollution of all
firms together is the variable which
comes under constraint of the law. The
model of this economy turns out to be a
non-zero sum two firm differential game,
and the solution (Nash equilibrium) can
be characterized. To obtain more concrete
results with respect to the impact of the
law on the firms' output and hiring of
inputs, a simulation of the model is
attempted.

generated.

The economic impact of the

pollution as an externality has been dealt
with in some detail by economists.

In

this paper we examine the impact on the
behavior of firms who are confronted by
an anti pollution law.
In the third section of this paper we
provide a model where the air pollution
law plays a role.

The model is a partial

equilibrium model containing two firms
each of which acts to maximize profit over
a finite horizon.

Each firm controls its

level of output and hence pollution so
that the level of pollution in the society
does not increase past the level allowed

SECTION 1 - Introduction

by the law.

The stock of pollution in the

In recent years, there has been increased

society is a function of previous levels

interest in the problem of air pollution.

of social pollution, the.additions to

The problem was brought to the attention

social pollution due to current production

of the public by environmentalists who

and the ability of the air to self clean.

pointed out that there was no incentive

The optimal behavior of one firm is

for individual firms to abate the

characterized and the economic content of

pollution.

the model is examined.

They called for collective

A phase diagram is

action, and over some period of time the

used to expose the motion of the model.

Federal government was urged to become

In the fourth section we report on a

active in the area.

simple version of the model given in

In the next section

of this paper, we trace the historical

section three; the simple model is being

development of the Federal involvement

used to simulate the optimal path.
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Although definitive results from the
simulation have not yet been attained, we
wish to indicate the procedures we are

or ignore them as they saw fit.

A second

new feature was the provision for the
development of air quality criteria by HEW.
Once again, however, such criteria served

following.

only as guidelines and there was no re
The fifth section contains the conclusions
of our analysis.

quirement that they be adopted by individ
ual states.

SECTION 2 - Brief History of Federal Air
Pollution Legislation and Regulation

Finally, the Act provided for

federal abatement action where such pollu
tion endangered human health and welfare.

In this section we briefly trace the
evolution of federal involvement in the

While the Clear Air Act substantially

area of air pollution standards.

the control of air pollution, there was

The federal government's initial entry

still dissatisfaction in the sense there

into the area of air pollution legislation

were those who felt that greater federal

expanded the federal government's role in

government participation was needed to

was through the enactment of the Air
Pollution Control Act of 1955.

achieve acceptable air pollution abatement.

The

This culminated in the Air Quality Act of

primary purpose of this act was to provide

1967.

a basis for research and technical
assistance to determine the causes and
major effects of air pollution.

Perhaps the most unique feature of

this Act was the requirement that the
Department of HEW must designate specific

While

air quality control regions.

the act authorized initiation of and

The basic

purpose was to enable the regulatory

support for research in the area of air

agency to treat such regions as a single

pollution, it explicitly stated that air

unit for setting and implimenting specific

pollution control was primarily a respon

air quality standards.

sibility of the individual states.

Simultaneously,

HEW was required to develop and publish
In 1963 the federal government entered

air quality criteria for particular pol

directly into the field of regulation

lutants or class of pollutants.

with the passage of the Clean Air Act.

the Department was required to obtain

In addition to expanding the research and

information on the latest pollution

assistance program set up under the 1955

control techniques and to publish this

legislation, it contained other major
features.

One

Finally

information as well as the cost of imple

such feature was the

menting such techniques .

authority given to the Surgeon General to
Once such information was developed and

investigate specific or local pollution

published by HEW, the states responsible

programs at the request of individual
state or localities.

for the air quality control regions were

In addition it

granted authority to the Secretary of HEW

placed under a timetable.

to independently initiate investigations

publication of the relevant matter the

With the

states had 90 days to submit a letter of

on his own in cases where the effected
state was different than the state con

intent to establish standards, an

taining the pollution source.

additional 180 days to establish the

However,

standards, and finally, 180 days to submit

all recommendations coming from such

a plan for the implimentation of the

studies were only advisory in nature.

established standards.

The individual states involved could
choose to act upon these recommendations

The Secretary of

HEW was enpowered to accept the state's
361

health and welfare.

program, or, if the states failed to

Within 12 months he

submit a plan, he could initiate action

must also issue air quality criteria and

to assure such standards were set.

information on control techniques.

The

At the

same was true if the state plans failed

same time he must publish the proposed

to meet previously established federal

national ambient air quality standards for

criteria.

the list of pollutants.

These standards

are to become effective no later than 90

As in the previous legislation, the Act

days after their publication.

implied that the individual states or

In turn,

the proposed standards are to be composed

groups of states were expected to accept

of two types - primary and secondary.

the major responsibility for the enforce

Primary standards are those which are re

ment of air quality standards, however,

quired to protect and preserve the public's

if a state did not fulfill this respon

health while secondary standards are those

sibility to the Secretary's satisfaction,

necessary to maintain and protect the

he was enpowered to initiate abatement

public welfare from any known or antic
ipated adverse effects.

action at the federal level.
The approach taken by the 1967 Act is

Within nine months from the issuance of a

extremely demanding and time consuming.

national primary ambient air standard,

For example, the federal government had
provided a list of between 30 and 40 basic

plan for its implementation.

pollutants which are subject to control
from stationary sources.

The state

then has, as a maximum, three years from

As late as 1970

the date of acceptance, to attain these

not one state had a full-scale plan in
operation.

each state must establish and adopt a

standards.

Problem such as this led to

Secondary standards are to be

met within a "reasonable time."

the passage of amendments to the 1967 Act

The EPA

ha^ the authority to publish a proposed

under the title of Clear Air Amendments

regulation setting up a federal plan for

Act of 1970.

state implementation if the state does not
While, once again, this Act declares its

meet the deadlines established or if the

intent that each state shall be respon

state plan is not acceptable.

sible for providing acceptable air quality
The states and their local authorities are

within its geographically boundries, this
responsibility entails only the compliance

own standards so long as they are not less

with air quality standards set at the
federal level.

expressedly allowed to establish their
stringent than existing federal standards.

This Act also brings the

SECTION 3 - Model

primary federal responsibility under the
Administrator of the Environmental

In this section a model of the economic

Protection Agency.

behavior of firms operating under an anti

The Act directs the Administrator of EPA

pollution law will be given, and the

to identify and set standards for all

economic content of the model will be

"significant" pollutants in a prescribed

examined.

manner.

verbally, and a mathematical formulation

First, the Administrator must,

The model will be described

within 30 days of the enactment of the

will follow.

The optimal path will then

Clear Air Amendments of 1970, publish a

be characterized, and a phase diagram will

list of each pollutant which he views as
having a detremental effect upon public

the optimal path in relation to the steady

be employed to investigate the nature of
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state.

face the same problem.

The model is a partial equilibrium model

The notation is given now.

involving two firms.

price of output; output is denoted by x.

Each firm is assumed

Let P be the

to produce one output and pollution.

The first firm's pollution is Q^, and the

Profit maximization over a finite horizon

other firm's pollution is Q2 .

is assumed for each firm, and both firms

pollution is Q.

operate in competitive markets.

equipment is r; the quantity of abatement

The

Social

The price of abatement

pollution that each firm generates

equipment purchased is K.

combines to form a net addition to the

pollution the firm produces is a function

stock of social pollution.

of output and abatement equipment, thus

The stock of

The amount of

social pollution changes over time due to

Q1=h(x,K).

additions to pollution from current pro

depends on the level of output and the

duction and due to reductions due to the

social pollution, and is denoted C(x,Q).

ability of the air to clean itself.

The total cost of production (including

The

abatement costs) is C(x,Q)+rK.

law is assumed to limit the amount of
social pollution.

The cost of producing output

The

social pollution changes over time due to

Each firm recognizes

additions from the production of output

that pollution affects the cost of pro
duction, and each firm may purchase equip

g(Ql ,Q2) and due to the natural cleaning

ment to abate the level of their pollution.

of the air D(Q).

Thus the cost of production is the cost

We write q = g(Q l ,Q2) - D(Q)

of producing the output plus the cost of

where the dot denotes.the derivative with

abatement equipment.

respect to time.

The assumption that

The upper pollution

the cost of abatement is added on to the

bound is denoted by Q so that the law

cost of production seems to imply that the

requires Q - Q = 0 for all time.

abatement equipment is added on to the

assume Q is constant for all time (this

production process and does not funda

assumption is needed in the phase space

mentally alter the technology used in

analysis).

producing output.

We shall

In addition the firms
A mathematical formulation of the model

are assumed to act to keep Q = (J. This

can be presented now.

seems to suggest that the firms have some

The problem is for

the firm to maximize profit over the

social conscience or that they know that

horizon.

if they fail to obey the law, the cost to

f T
JQ
(Px

them (in profits) will be extremely high.

- C(x,Q) - rK) dt

In any case the firms "voluntarily" obey

subject to the constraints

the law ; the solution of the model is not

0 = g(Qx 3Q2) - D(Q)

imposed by the government or any outside
agency.

Q1= h (x,K)

The problem that any firm faces

Q - Q = 0.
The Hamiltonian and first order conditions

involves game considerations; the amount
of pollution (and output) they can produce
depends on the amount of pollution (and

are given next.

output) the other firm produces.

H =

Thus

Px - C(x,Q) - rK

+

- D(Q)]

+ y [Q-j^ - h (x ,K ) ]

the problem can be characterized using

+ n CQ - Q1

methods of differential games where a Nash
3H
3C
(1) 3x = P- 3x

solution is assumed. We may focus our
attention on one firm since all firms
363

9h
3x

3H
3K

( 2)

-r

3h
3K

-]i

_02
3X < 0 and 3X

(3)

_3H
= X is + y = 0
3Q.
3Qi

(4)

X = 3C - xd ' -n -x ig

3Q

0.

Further

dx

3X = 0.

This result suggests that as the cost of
social pollution changes, the level of

3Q,

output does not change .

Therefore the

The first order conditions 1-3 can be

firm's response to changes in the cost of

reduced to the following equations.

social pollution is in terms of abatement

(5)
(

equipment alone; the level of output does

p = |C_x M
3x
3Q-j^ 3x

6)

not depend on the level of pollution.
Along the path Q = 0, -|y > 0 must hold for

3£ 3h
3Q-. 3K

sV i'«

Q<Q.

This says that as the cost of

The multiplier X is the change in the

pollution to the firm gets larger (-X

firm's profit (cost) due to a change in

approaches zero) there will be an increase

the level of social pollution.

Equation

5 says that the firm will produce output

in the level of social pollution.
to the left of Q=0, Q<0 must hold.

Further
This

to the point where the extra revenue

is true since for given

generated by the added output (P) exactly

smaller the stock of social pollution, the

equals the added cost of producing the

greater is the ability of the air to clean

extra output (where the extra cost in

itself.

cludes the effect of the additional
pollution on profit -X-||

|^) .

Equation

6 says that the firm will hire abatement

and Q2 , the

Thus the stock of social pollu
tion will fall. For the path X=0, 34 >0
3X
32C
holds (assuming gQ— 2 <0, D" < 0, (D'

equipment to the point where the extra

-ttS— ) >0).
3Q2

cost of the extra equipment just equals

must hold under the assumptions given.

the extra benefit

The relative slopes of Q = 0 and X - 0 are

(in terms of profit)

Note that below X

0, X > 0

the firm obtains from the reduced

not easy to characterize.

pollution.

phase diagrams (depending on the relative

Let us now turn to a phase representation

slope of Q = 0 and X = 0) are given below.

of the problem.

Equations 5 and 6

together with the constraints determine
the variables (Q.^ Q , x,K) in terms of
P , r and X .

The motion . in the phase

space (X, Q) is governed by the equations
(7) Q = g(Q1 (X), Q2(X)) - D(Q)
(8) X = || (x (X),Q) + XD' (Q) -n

f§2 (Q1(A), Q2(x >>
for given P and r.

The first order

conditions 1 and 2 imply that (given

3Qo

>

0 , i^g_

3 .8 <0) that
3Q13Q2 < 0, 3QX2
of the resulting equation.

Two possible

cases where the model provides convergence
of the optimal path to a steady state with
Q < Q and

also convergence of the optimal

path to Q = Q .
SECTION 4 - Simulation
The model of the previous section does
lead to some understanding of the effect
of an antipollution law.

However, there

are certain questions for which the model
does not provide much analytical insight.
We might inquire about the effect on out

Figure 2

put and abatement equipment of allowing

In figure 1 where A = 0 is steeper than

the antipollution law to change over time.

Q = 0, the optimal path may converge to

The phase analysis indicates whether or

steady state A depending on the relative

not the optimal path approaches the steady

strengths of A and Q. In this case the

state but sheds little light on the

steady state is such that the level of

precise path of the variables toward the

social pollution is less than the law

steady state.

allows which reflects the possibility
that the cost to the firm of addition

simulation of the problem is attempted.

pollution is greater than the added

To carry out the simulation some adjust

revenue the extra output would bring.

ments to the model given in Section 3

Steady state B can never be attained.

must be made.

This is so since the optimal path would

the problem more tractable.

Q = 0 which means that the optimal path

game aspect is assumed away; one firm is
assumed to know,

steeper than A = 0, the steady state A

The problem

is then reformulated in terms of discrete

If the optimal path starts in

time, and special functions are used to

sectors I or III and does not cross into

complete the characterization.

sectors II or IV then the optimal path

The special

functions and associated first order

If the optimal path

conditions for the maximization are given

ever gets in to sector II, the optimal

now.

path will converge to C, a boundary state
with zero pollution.

the level of pollution

that the other firm produces.

may be approached depending on the initial

will converge to A.

In order

to solve the problem, the differential

In

figure 2 where Q = 0 is relatively

position.

In the first place, the

nature of the problem is changed to make

have to cut Q = 0 at B perpendicular to
would have to cut through sector I .

To allow closer examination

of the optimal paths of the variables, a

(D

If the optimal path

Qit = xt - a K ?

runs into sector IV, the optimal path will

(2) cost = xt + YQt

converge to position B where Q = Q.

(3) D(Q) = Qt (Qt-Qt)

Note

that B is a boundary position, and the
(4) g(Q1 ,Q2) = «Qlt + eQ2t

Q = 0 condition is not satisfied.

Thus in discrete form, the difference
In summary, a model of a firm operating
equation is

under an antipollution constraint has

(5) Qt+1 = Qt + 6(x^ -

been developed. A phase analysis of the
model has been given, and we have shown
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e Q2t

The problem of profit maximization can be

pex'iod (T =45). Continued efforts are being

given as follows.

made to find a set of parameters which will

Maximize

provide acceptable solutions.

J=1 ptxt - A(xt+YV

Once this

has been accomplished, we intend to allow

-rtKt

Q to change over time so that we may
subject to (5) and Q^-Q^iO.

Observe that'

observe the impact of changing the anti
pollution law.

equations (1), (3) and (4) have been
substituted into equation (5), and

SECTION 5 - Conclusion

equation (2) is in the profit expressicSn.
In this paper a model of firms operating

The necessary conditions for a maximum are

under an anti pollution law has been given.

given next.

The model suggests by means of a phase

(6) Pt -A -At6nx^_1 =0

diagram certain results.
(7) -r

+ A

First if the

A = 0 line is steeper than the Q = 0

6a6K®_1 = 0

line (figure 1), then the optimal path will
(8a) -Ay + lt_1 -*t ( 1 + Q t >- ut = 0
(8b) -Ay -A1 (l + Q1) -

likely converge to a steady state where the
level of social pollution is less than the

= 0

law allows.

occur; if it did, the environmentalists

(8c) -Ay + At_1 - yT = 0
The variable A

This case does not seem to

would have no case or the antipollution

is the mutliplier asso-

iated with constraint (5), and y
multiplier for constraint (6).

law would not be an effective means of

is the

controlling the pollution.

Observe

In the case

where A = 0 is less steep than Q = 0

that A >0 must hold.

(figure 2), the optimal path may converge
To carry out the simulation, values for

to the steady state depending on the

P , r ^ , and Q21_ are given as well as

initial position.

values for A, a, 6, y, 6, e, n and Q^_.

that the optimal path converge to a

End conditions (at T) are also given for
Qt and y .

boundary point either where Q = 0 or the

In periods where Q^Q holds

anti pollution law becomes effective.

(and t<T) equation (8a) gives values for

Since the case of Q = 0 is not observed,

A^_^ and equations (6) and (7) yield
x^__1 and

^ respectively.

we need not entertain that possibility.

The other

variables can then be calculated.

However, it is of interest that the model

In the

does allow the possibility that the pol

case that Q^_ > Q^_ would hold (and t<T-l),
Q

It is also possible

lution bound could become an effective

replaced Q^_ in the difference equation.

constraint.

In this case the government

Equations (6) and (7) are solved for x.

could take action by such a law to obtain

and K

the desired (in terms of pollution)

^ respectively and substituted

into the difference equation.

results.

The

resulting expression can then be solved

At the present time, a discrete time

for A^_ ^ by numerical methods, and values

period simulation program is being devel

for x

^

a

n

can be obtained.

d

the other variables

oped.

So far the simulation

has not provided acceptable results.

Once the program is operative it

will be possible to vary Q in the program

For

and observe to resultant behavior of the

a wide variety of parameter choices Q^_j_<0

firm under profit maximization.

holds over a substantial portion of the

tion the model is being extended in an
366

In addi

attempt to determine optimal state pollu
tion laws under the assumption that the
state desires to minimize the firm's
reduction in profits as a consequence of
air quality standards.
the state desires to minimize the firm's
reduction in profits as a consequence of
air quality standards.
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A DETAILED ANALYSIS
ENVIRONMENTAL
UTILIZATION

EFFECTS

OF THE
OF E N E R G Y

IN THE U.S.

ECONOMY

H . J . Plas s , Jr .
U n i v e r s i t y of Miami
D e p a r t m e n t of M e c h a n i c a l E n g i n e e r i n g
C o r a l Gables, F l o r i d a

Abst r a c t
The tot a l e n v i r o n m e n t a l social cost r e s u l t i n g fro m th e c o n s u m p t i o n
of .v a r i o u s fuel's used in the U.S. e c o n o m y is a n a l y z e d by m e a n s of
an e q u i l i b r i u m m o d e l i n c l u d i n g flows of energy, labor, goods,
s ervices, u n d e s i r a b l e effe c t s a t t r i b u t a b l e to p o l l u t i o n , and
p o l l u t i o n con t r o l services.
The p r e s e n t mix of fuels, and t h r e e
a l t e r n a t i v e fuel mix e s m o r e stro n g l y d e p e n d e n t on coal, are
a n a l y z e d by means of the model.

1.

accumulation

INTRODUCTION

is too

ral p r o c e s s e s
In an i n d u s t r i a l

soci e t y

like

that

great

for the

of renewal.

environmental

water

and air

damage

to the
resu l t

of p r o d u c t i o n and the h a b i t s

consum p t i o n .
material

Econo m i c

standard

activity

of living

are

sump t i o n

of

conversion
sources
create

ene r g y r esources.
of ene r g y

the w a s t e s

erly m a n a g e d ,

which,

can cause

formance,

approxi

The

and

when

recreation

of c o n 

and m a t e r i a l

into u s e f u l p r o d u c t s

greater

environ

in w o r k e r

Pollution

which

i n c r e a s e d pri c e s

form of

can be

undesirable

services

decrease

others.

the

also

costs

a p p l i e d to

environmental

important

to be

pollution

control
damage

able to

society

in

of goods
reduce

costs.

estimate

is r e q u i r e d ,

costs

per

control

and

the
It

is

how m u c h

so that

from p o l l u t i o n

the

and

harm.
costs

All

health

costs,

technology,

combined
mental

for m of add e d
cleaning

cos t s ,
and

services,

re

not p r o p 

serious

in the
greater

of

and the

m a t e l y p r o p o r t i o n a l to the rate

c o s t l y to

of the
costs,

processes

effects

are

land,
society

is a direct

T he

of the
of b a d l y m a n a g e d p o l l u t i o n

U.S.,

natu

processes

tio n y i e l d

of p r o d u c t i o n

some wastes,

and c o n s u m p 

of c o n t r o l

To a c e r t a i n

are as

ext e n t

this

small as
can be

p ossible.
done.

and the s e w a s t e s
The

b e c o m e p o l l u t i o n w h e n their

rate

amount

of

environmental

damage

for

a

of
giv e n
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lev e l

of p r o d u c t i o n v a r i e s

with

the

fuels

used.

natural
tha n

Clean burning

gas

cre a t e

coal.

control
coal.

much

Als o ,

for gas

the

coming

scarcer,

while

coal

ami n e s

as

natu r a l

(different

petroleum,

nuclear

sources

environmental
of the

amount

ed into the
mental

and

effects,
costs

worker

of an

Results

sec t o r s

is

required,
to the

of

cleanup

examined
the

= goods

GU

= goods

the

W

allow

requ i r e d ,

PD

r e q u i r e d by p o l l u t i o n

(B unit s / y r )

= goods

units

GU*

= "unwanted"

TH E

consumer

1 shows

goods

extension

SUp

of these

= serv i c e

system.

SU*

out

ones

o u s l y by the

aut h o r ,

Refs,

is an

notation used

= "unwanted"

serv i c e

cons u m e r

is an

(l)

and

explanation

E

= extraction

(2).

of goods

PS

=, p r o d u c t i o n

of services

extraction

c o n t r o l uni t s

F

E
F__

WU

fuel

PS

= pollution

c o n t r o l units

serv i c e p r o d u c t i o n

= h o u r l y wage

p
p

(QBtu/yr)a

(j
D

= goods

PS

($/unit)
($/ u nit)

'’Btu

b B pers-hr

(QBtu/yr)

= fuel to p o l l u t i o n
sec t o r

F

( $ / M B t u ) f'

Q

sector

w

r e q u i r e d by
sector

($/pers-hr)

= s e r v i c e pri c e

a QBtu = 10

= fuel to p r o d u c t i o n of goods

pri c e

PCj

F

sector

(B units / y r )

and cont r o l

= fuel to extr a c t

required

(B u n i t s / y r )

Pp = fuel pri c e
removal

required

sector

by the goods p r o d u c t i o n

of the

S,
= production

c o n t r o l units

W U pG = p o l l u t i o n

of e n e r g y r e s o u r c e s

PG

purchased

combat

(B u n i t s / y r )

described previ

the

NOTATION

= waste

units

to

(B u n i t s / y r )

= pollution

E

by the

in the model.

2.1

W

p u r c h a s e d by the

0

of the U.S.
The m o d e l

of

(B units / y r )

EQUILIBRIUM MODEL

similar

following

effects

(B units / y r )

units

consumer

labor

by the

of

The

p u r c h a s e d by the

SU_. = serv i c e units'1 r e q u i r e d by goods
PCj
p r o d u c t i o n sector (B u n i t s / y r )

of

sectors.

a flow model

energy-economic

p u r c h a s e d by the

to comb a t

pollution

WU
Fig.

service

(B units / y r )

pollution
2.

r e q u i r e d by the

(B u n i t s / y r )

GU^

consumer
and

(B u n i t s / y r )

units

sector

and e n v i 

and the

serv i c e p r o d u c t i o n

units

= goods

includ

of the

production

u n i t s 0 r e q u i r e d by

control
GU

o b t a i n e d by

Each

ih terms

fuel

other

GU_
E

a function

services,

for

extraction

production

services.

for goods

= labor

re

flow m o d e l

cont r o l

(B p e r s - h r / y r )

reduction,

of r e s o u r c e s ,

production

ronmental

Lpg

environ

are

of fuel

for p o l l u t i o n

= labor

pollution

performance

extraction
^

(B p e r s - h r / y r )

as u n w a n t e d

to combat

equilibrium

LpG

fuel

estimates

The

(QBtu/yr)

(B p e r s - h r / y r )

ex

effluent

consumer

for

= labor

W

coal,

each as

itemized

services

extraction

goods,

put

are

of

and

of u n t r e a t e d

of control.

means

for

pap e r

domestic

environment.

costs

goods

ing

costs

= labor

E

L

for

and solar w h i c h

and t e c h n o l o g y ) ,

L

is b e 

attainable

are p o s s i b l e w i t h p r e s e n t

= fuel to

(B p e r s - h r / y r )

petroleum,

This

proportions

gas,

gas

is dome s t i c

is p l e n t i f u l .

F^

of p o l l u t i o n

lower t h a n

several r e a s o n a b l y

mixes

such as

less p o l l u t i o n

costs

is m u c h

Unfortunately,

fuels

= fuel to

B uni t s

control

c Goods

(QBtu/yr)
service

sector

goods

(QBtu/yr)
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= 10
pers-hr;
9
= 10
units

uni t s
used

= part

of L p(J r e q u i r e d

for

d Service units
for

= part

stants

of L pg r e q u i r e d

required

cont r o l

units

= part

for the p a r t i c u l a r

of

considered

BASIC

EQUATIONS
assu m e d

among the

just

quantities

defined:

us e d by

tion a l to their
use d by the

each

sector

out p u t s

consumer

of c o n s u m p t i o n

yw

(units).

depends

of goods.

The

on his

That

(10)

Lps(l-YW )

UD

G U c)

depend

on the p a r t i c u l a r

the
l

(4)
Bps^ Bc

^

goods units

and the
goods

sector

sector

That

=y p s l p

^

S U PG = 0 P G L P G ^ 1_Y W

)

force

is d e t e r m i n e d
L

.

That

is:

Flows:

are

flows

equal.

into

and out

We have,

of

ea c h

r

labor

(F p g + V

^ (

fps

+f

gue

c

(14)

)= L E +- w u E +r - G U 3

+ g u w + g u p s + g u c + g u *)=
PW
lpg

(7)
(8)

t h e a b o v e , YE> Yw> Ypg> a PG ar e
constants.
2
and w

(1-yw

is the

(15)

+l

w

PS
PF
p g +* s u p g +h f pg

^ ( W U pG+WUEtWUps)=Lw+^ F w+^ G Uw

(16)

r-(suPG+sV

(17)

suc)=

), whe r e y

fraction

PF
PG
PW
L p s +- F p s +r ^ u P s +- w u ps

is a constant,

of the

tot a l

Consumer

efflu e n t

from all p r o d u c t i o n

Choice

possi
The

ble

amou n t s

of goods,

activities,

is the

labor

loss

factor.

If w is zero,

consumer

hr ) .

in p r o d u c t i v i t y

If w=l,

lution,

factor

loss

of output

are

the

dependent

prices

and

s ervices,

and on the

val u e

or u t i l i t y p l a c e d by the

of

on

fuel,

relative

goods

and

is g r e a t e s t ,
results.

consumer

on

pol

The

services.

The t o t a l u t i l i t y to

and
the

maximum

consumer
income,

(unit s / p e r s -

the m a x i m u m p o s s i b l e

the loss

pur

there
goods,

is no loss

servi c e s ,

produc
the

tivity

and

and c o n 
cha s e d by the

sump t i o n

sec

t h erefore:

In

The t e r m

by

(13)

of D o l l a r

(5)
(6)

^1-YW

s

of labor

is:

GUw = y wlw( i ' yw2)
gups

in use.

r e q u i r e d by the

= y e l e (1“ yw2)

gue

fuel mi x

which

for Sectors

are p r o p o r t i o n a l to the

applied.

constants

E+l ”
W +l p g +l p s =l t

Balance

r e q u i r e d by each

service units

effo r t s

amount

available work

tor

The

E

Employment:

The d o l l a r
and Service Units

f

E ,

are

constants.
Goods Units

g

is:

(3)

Fc =Bc(GUc+Guc}
a b o v e , BpG)

(1 2 )

)

are

above,

= B p S (SU p G + S U c + Su *)

In the

(i - y w

lw

In the
rate

The t o t a l

F PS

=

w u E+ w u p G + w u ps =

(2)

W

GV

(9)

)

fuel

=Bw(wuE+wupG+wups)

F

G U PS + GV

factor

GUps +GUc+GU* = L p G (l-yw )
SUC

Full

PG = B p G (GV

diminish

2 ):

GUE+GV

are p r o p o r 

invested,

+F +F
+F =(g - f _ ) L „ (1 - y w
PG
W
PS
C
E
E
E

(1)

F

in

are p r o p o r t i o n -

loss-in-productivity

1-

effort

Used:

fuels

sector

ed by the

S U PG + SV
The

of each

labor

F

relationships

outp u t s

al to the

(

L i s t e d b e l o w are the

Fue l s

fuel mix

Output s

f M B t u = IO*3 Btu
2.2

on the

control
The

effort

and y d e p e n d

E

use.

services used

e Pollution

y

cons u m e r ,

for

goods

and

services

pur

con
chased,

is the

sum of the i r

partial
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I

utilities.

That

Tha t

is:

is :

wuE

R = f 1 (GUc )+f2 (SUc )
whe r e R = c o n s u m e r
f

are

total

increase

functions which

respective
slowly as
consumer

arguments,

to m a x i m i z e
chasing

but

tio n R is

here

their

with

c o n s t r a i n e d by his
(income).

W U PG
W U PS

i n c r e a s e mo r e

The

c h o s e n to be

In th e

The
so as

his p u r c h a s e s

arrange

R,

power

and

f

increases.

each a r g u m e n t
would

utility,

in the

such

func

(21)

= h ( l - w ) 2L pg

(22)

as that

subject

to the

(18 )

SU*

inco m e

( i r +Bc i ^ ( GUc+GUc )+r
tive

(l8a)

cost

of

necessary
the

first

consumer

to ma k e

second

sumer

the

the

term
goods

plus

goods

useful,

and S., a re
M

In the

cost

above,

the

a s s u m e d to be

"wan t e d "

goods

and

and tp the
of the

proportion

services,

squa r e

of the u n 

effluent,

w.

(GUC )

(23)

SU*

= k w 2 (SUc )

(24)

above,

k is a c o n s t a n t

dependent

u p o n the p a r t i c u l a r

fuel m i x used.

2.3

MATRIX F0RM-0F

EQUATIONS' (USED FOR

From

Equations

con
B,

G

M

SOLUTION)

c onstants.
tutions

The h o u r l y wag e

(12)

is a s s u m e d to be

obtained

3ELE(l-yw)

+ 26.0

(19 )

pF M ,

(l4)

-

(17)

fro m E q s . (9)?

the

matrix

from:

following

form)

psM ,

p G/L,

(10),

set

for the

with

substi

(11) , and

of e q u a t i o n s

four

PW/ L

is

price

(in

ratios

oBtained:

( o .i 4 4 4 ) ( l t )

This

expression

is d e r i v e d

f r o m th e

(BE-fK )(l-Yw )

as

sumed

proportionality between

(=%XGNP)

and tot a l

seco n d

term

ber

QBtu/yr

of

converted

in the

into

and a n i m a l s ) .
tha t

energy

of

consu m e d .

numerator
solar

econo m i c
This

-B u ( l - , » 2 )

is

Ref.

(3).

Productivity
amounts

vice,

Effe c t s

Other

than

F r o m Eqsu
out

(plants

WU
WU
are
E,
ru 9
lrD
p r o p o r t i o n a l to the lab o r
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expenses.

3.

TH E

- (30)

fuel and

the

duction
5.

to the

It

affects

distributes

s ervices,

h o u r l y wa g e

environmental
are

cost.

complete
income.

system variables

social

fuel mi x

seen how the pric e s

environmental
sets

close to the

consumer

goods,

(20$

yield
for each

the

the

in the t a 

at w = 0 . 2

environment-related

b 2 = (0.2593)(0.05306) = 0.0138

calculations,

ve r y

(for a

a different

The valu e s

c h a n g i n g the

among

Also,

Similar

in

from tho s e

in w h i c h

inco m e

it

near

fuel m i x e s

environmental

"unwanted"

= (0.4074)(0.05306) = 0.0216

8.

effluent),

is seen t h a t
the w ay

four

are p r e s e n t e d

obtained

o p t i m u m for

(0.2593)(0.071l)] ch ,

a

"wante d"

go t h r o u g h m a x i m a

for the

in T a b l e

are

of

of w.

untreated

and get:

is a

attains

G U G and S U G , th e

1975 economy)

0.012 =[( 0.4074 )(0.1685 )+ (0.2593 )•
(0.4468)+(0.074l)(0.3i36)+
from which

and

The r e s u l t s

, r 2> r 3 , r^ are given in Table 1,

an

C o r r e s p o n d i n g to this v a l u e

The formula for h = 0.012 becomes:

is a numerical factor to balance

and the

labor.

and 7.

t o t a l u t i l i t y function,

and c

term

fuel mi x t h e r e

Also

where r

"un

shown g r aphi

maximum.

(47)

of

control,

w, R, the

0 .2593r 1(j c h

(1+8)

the t h i r d

of "lost"

results

4,

for

minimum.

are the costs

services,

of p o l l u t i o n

is the

clear th a t

Relative
effect
0.4074
0.2593
0.0 7 4 1
0.2 5 9 3
1.0 0 0 0

and

significant

cally

t a b l e below.

Coal :
Petroleum:
Gas :
Nuclear:
Tot a l

first

wanted"
is the

I.

are r o u n d e d

Index

which

is d e f i n e d by:

last t e r m

values

(E.S.C.),

E . S . C . = p G (GU* ) + p s ( S U * ) + p w( L w ) + y w 2 4LT

follows:

impact

cost

formula

I w i t h the

1 for

social

the

of v i e w of the

system

stand a r d
th a n

on

is be s t
of

for the

since

living
other

fuel

If ene r g y r e s o u r c e
most

important

Case

III

conservation

decision

is best.

is the

criterion,

Here

solar

then

energy

is
Table 3.

utilized

to a s u b s t a n t i a l

redu c e s

the

demand

fuels.

For

lea s t

for

extent,

fos s i l

which

Numerical valuea of system constants for the
four fuel-mix cases

and nucl e a r

Case I

Case II
1*0f coal

17* coal

imports,
since

Case

dependence

IV is mo s t

it reli e s m o s t

plentiful

domestic

environment

is

advantageous,

heavily

on coal,

r esource.

When

considered very

.
a

Case

IV is best.

It

pres e n t

is

System constant

clean

i mportant,

0 . 50U

0. 501*1*

0.501*1*

Bps(MBtu/serv. unit)

0.2018

0 .2 0 1 8

0.15U3

B q (MBtu/goods unit)

1.1521
0.4945

1.1521

1.0193

1.2805

0.1*963
0.3012

0.1*963
0.2921

0.1*963
0.281*0

By (MBtu/W-unit)

slightly better

sys t e m w i t h

resp e c t

to

impact.

The m a i n

disadvan

tages

IV are the h i g h e r r e l a t i v e

Yw (goods unit/pers-hr)

0.1*092

0.1*092

0 .1*092

Yps(goods unit/pers-hr)

0.2336

0.2336

0.2591

0.2526

op0(serv. unit/pers-hr)

0.7523
0.01*00

0.7523
0.0570

0.7523
0.0530

0.7523
0.0380

9.9795
0.7621

7.9918

8.5300

0.591*3
0 .1*698
1.1122

0.5678

7.11*91*
0.5316

Be (MBtu/pers-hr)
fE (MBtu/pers-hr)

of Case

prices,

and the

nee d

of fuel per yea r
Table
the

9

systems

Table 1.

* Petroleum
* Gas
* Nuclear

a greater

to run the

summarizes

fuel

for

the

A (dimensionless)

economy.

conclusions

0.1*698

B (dimensionless)

amount

for

0.5299
0.2112

0.1*092
0.1*092

Y (dimensionless)

environmental

Case IV

BpQ(MBtu/goods unit)

Y e (goods unit/pers-hr)

than the

Case III
“Vo* coal

?3f coal---(direct)
U5 petrol. 30* petrol. 25* petrol. 2 8 * petrol.
31* gas
15* gas
15* gas
19* gas
7* nucl., 15* nucl., 1 0 * nucl. , 30* coal+gis
etc.
etc.
etc .
10* solar
0 * nucl.,

on f o r e i g n

1.1122

0.1*698

0.1*698
1.1122

1.1122

0M (B goods units)

20.28

20.28

22.03

20.28

SH (B serv. units)

76.98

76.98

76.98

76.98

h (W-unlts/pers-hr)

0.0120

0.0163

0.011*9

0.0115

k (dimensionless)

0 .01*16

0.01*89
173.0

0.01*1*7
173.0

0.03U3
173.0

Lt (B pers-hr)

173.0

studied.

Tabl e 1*.

Alternative Fuel Mixes for U.S.
Case II

1 6 .8 5

1*0

1*0

23 (Direct

l*l*.68

30

25

25

Case III

Case IV
Coal

Variable

15

15

7.11

15

10

Ly

-

10

L»

19 (Nat. Gas)

(pers -h r/W unit)
(B pers -hr/yr)
(B pe rs -hr/yr)
(B pers -hr/yr)

Case IV is a system in which all electricity is generated from gas
derived from coal.

(B pe
g“e

Table 2

G“ps

Type of Insult
a. Amenity loss

Multiplier

Total
Severity
Index

1

land destruction, stripping
water pollution, mines
air pollution, combustion
land use conflicts

6
1*

un it u/yr)

(B un it s/yr)

(B
G“c
cu; (B
(B
““ e
(B
"“ pg
(B
"u ps
(B
SGPC
(B
suc
SU- (B

Influence Numbers for Environmental Impact

-hr/yr)

(B un it a/yr)

G“» (B

un it s/yr)
un lt s/yr)
un lt s/yr)

2

c. Genetic damage
water pollution, nuclear
air pollution, nuclear

3

d. Ecological damage
land destruction, stripping
water pollution, mining
water pollution, combustion
air pollution, combustion
water pollution, nuclear
air pollution, nuclear
non-productive land
waste heat

1*

Fv

8
8
6

FC
fe

6

(QBtu/y r)
(QBtu/y r)

/yr)

(QBtu

l

(♦/pers -hr)

R

(Dime

ionless)

E.S C./Ir come (X)

376

2 329
1 602

2 336

2 356

1 606

1 608

1 621

0 219
2 389
1 644

2 065
7 800
0 749

•2 076

2 097

2 128

2 062

7
7 801
2 051
1
50 I89 50
112 959 113
3
3 192
0 839
26 387
19 770
0 000

801

321
227
652

187
0 540

7 800
0 336

7
7 800
0 085
0
50 256 50 277 50 289 50
114 195 114 586 114 825 114
3 172
3 146
3 110
3
0 304
0 136
0 034
0

800

000
293
907
064
000

26 507

26 505

26 382

26 137

25 769

19 880

19 8 2 1
0 132
0 034

19 596
0 293

19 210
0 511
0 004

18 672

0 033
0 060
0 386

0 217

0 024

0 000

0 493
37 566

0 055
36 864

36 322

0 015
0 097
0 220
37 279
74 541

0 777
0 000
0 000

0 12 6

75 396
0 502

25 294
0 652

25 187
0 368

73 076
1 116
1 946
24 991* t2k 717
0 164
0 04l

71 034

0 000
25 315
1 014
22 795
22 777

22 898

22 897
22 988

22 791
22 915

22 579
22 721

22 261

5 946
77 847
I* 157
.0 986

5 935
77 721
4 152

5 859
76 723
4 112

0 989

5 906
77 346
4 137
0 988

5 791
75 849
4 077
0 969

17 632

13 617
1 90

15 578
2 18

23 306
3 28

2 1*5

■

22 942

0 981

36 552
5 18

2 955
24 353
0 000
22 407
5 706
74 727
4 032
0 953
54 973
7 88

M - million (106 ), B - billion (109 ), Q - quadrillion (101 5 )
All ♦ are 1971 ♦

For a more detailed breakdown of the severity index numbers in column 2,
see Refs. (9) and (10)

2 333

1 617
2 068

37 725
75 620

F

Note:

2 350

37 757
75 202

/yr)
/yr)

w-1 .0

0 2 16

un lt s/yr)

(QBtu

w-C .8

0 214

0 873

un it s/yr)

v»C .6

0 214

1 356

un it s/yr)

v-0.4

fflu ent

* nu cl.

0 214

un lt B/yr)

E.S C. (E ♦/yr)

8
7
10
12
9
7
5
3
4

w-C .2

unt reated

31* nat. ga a.

0 216

0 091*
0 602

(QBtu

1*

w- .0

un it s/yr)

(QBtu/yr)

b. Human health damage
water pollution, nines
water pollution, combustion
air pollution, combustion
water pollution, nuclear
air pollution, nuclear

the fra ction 0

17* cc al. 45* petrol.

(pars -hr/MBtu)
PP/t
P0/I (pers -hr/goods unit)
(pers -hr/serv. unit)

31.36

* Solar

System variables v
C ase I:

Case I
(Reference)

sd effluent.

the fraction of unt

System va riable s vs

.

Tabl

Table 7.

Syatem variables vs. v, the fraction of untreated effluent.
Case IV:

Case II:

40* coal. 30* pet rol., 15* ga 9 , 15* n iC 1.
w-0 .0

Variable
rs-hr/MBtu)
pF/l (pe
(pe rs-hr/goods unit)
(pers-hr/serv. unit)

0. 237

[pers-hr/W unit )
(B pers-hr/yr)

2. 094

Lr
LW
LP0

w-0 .8

0. 235

0. 238

2.358

2. 370

2. 399

1. 628
2. 107
9. 591
0 459
49 1*1*5

9. 590
0. 117

1.620

2. 086
9. 592

2.090
9.592

1. 790

1 .0 1 8

units/yr)
units/yr)
units/yr)

w-1.0

Variable

0.243
2.41*8

PF/t(P®r--hr/MBtu)
P0/t(pers-hr goods unit)

1 646

1 .6 8 1

pS/t<P*r*-hr/serv.

2. 138

2.183
9.590

unit)
Pw/t(pers-hr/W unit)
Lg

0.000

Ly (B pers-hr/yr)
Lp(J (B pers-hr/yr)

0 .2 2 8

0.397

0.021

0.005

0.290

VUpG(B units/yr)

0.208

1 171

WUpg(B units/yr)

0 .8 1 1

0.458

0.093
0.204

0.023

0.000

0.577
1.260

0.370

0 296

0 032
0 074

0.000

0.663

37 O 65
74 770
0 146

36 1*34
73 1*1*8
1 293

35 850

35.087

SUp(J(B units/yr)

37.774

37.748

37.600

37.328

36.933

36.411*

74.519

71 591
2 241

68.997
3.374

SUC (B units/yr)

71.798

72.211

71.384

70.163

68.432

0.099

72.072
0.396

0.881

1.540

2.347

26.293

26.015

25.649

0.157
23.146

0.039
22.944

22.639

36.839
0.583

24 851
0 886

24.700

24 428

0.501

22 598

22.590
22.516

0 223
22 435
22 1*04

22 242

22 461

(QBtu/yr)

5 701
76 663

5 688
76 484

4 110
0 976

24 037
0 056
22 134

Fp0 (QBtu/yr)

26.607

26.589

(QBtu/yr)

0.976

0.354

21.685
21.676

Fps (QBtu/yr)

23.141

0.627
23.244

Fc
Fe

(QBtu/yr)
(QBtu/yr)

23.732

23.904

23.689

5.974

23.955
5.948

23.881*

5.981

5.903

F

(QBtu/yr)

80.338

79.987

($/pers-hr )

4.257

R

(Dimensionless)

0.956

0.959
13.513
1.84

4.243
0.958

79-383
4.218

5.839
78.526

1

80.437
4.261

22 .124

5.648

5 .584

5 .491

5.373

73 .842

4 102

75 .074
4 .046

0 .981

0.979

0 .971

0 .956

72.259
3.933
0.934

3.997

18 .276

20.439

30 .015

46 .577

69.534

2 •58

2.89

4 .29

6 .74

10.22

Fy

E.S.C. (B$/yr)
/Income (*)

E.S.C.

drillion ( 1 0 15>

■ote:

17.819
2.42

23.246

14.793

0.953
21.466

2.02

2.94

0.000

23.371
5.756
77.416
4.140

4.184
0.94 3

0.928

33.329
4.60

50.123
7.00

M - million (106 ), B - billion (109 ), Q - quadrillion (1015)
All $ are 1971 $

Table 8. Comparison of various system quantities at their optimum level
of environmental control, for each of the four fuel mixes. (1975)

40* coal, 25* petrol., 15* gas, 10* nucl., 10* solar

pers-hr/MBtu)
[pers-hr/goods unit)
(pers-hr/serv. unit)
(pers-hr/W unit)
(B pers-hr/yr)
(B pers-hr/yr)
(B pers-hr/yr)
(B pers-hr/yr)
(B units/yr)

units/yr)
0UU (B
units/yr)
0UPS(B(B units/yr)
0UC
GU- (B units/yr)

w- 0 . 0
0.218

w -0 .2

0.

2 16

w- 0 .4

2.41,3
1.690

2 .391

0.215
2.386

1 67 5

1.671

2.095
8.058

2 088

2.092
8.041*

8 051

1

2.425
1.698

.0
0.223
.470
1.731

2 .108

2.136

2 .178

8 .038

8.032

8 .026

w - 0 .6

0.
.397
1679
2 17

2

0.

w- 0 . 8
0.219

1.039

0669

0.378

0 168

0.042

28 8 8 1

2 8 .8 6 8

28 684

28.328

19.424

19 569

19.504

19 232

18.762

0.139

0.000 0035
0077

0.537
0.005

WUpr
VUps(B units/yr)
SU__ (
B units/yr)

0 123

0.031

1.652
38.774

1 065

0 269

38 743

0.603
38.532

0.067
37.566

36 812

(B units/yr)

72.086

72 592

72.366

67

(QBtu/yr)

Fw (QBtu/yr)
(QBtu/yr)
PC (QBtu/yr)
Fr (QBtu/yr)
(QBtu/yr)
F
l ($/pers-hr)
(Dimensionless)
R
B$/yr )
E.S C. (
*)
E.S C./Income (

25-997
1.261
17.106
19.799
4.576

71 417
1 149

69.772

0.518

25 976
0 8 11

25.835
0.458

25 572
0 204

25.187
0.051

0

17 .199
19 .982

17.191

17 082

16.870

16

20.023

19 .919
4 .477

19.671
4.406

19 .277
4 .315

67 .254

66.185

64 .830

3 .733
0 .946

3.690

3.636

0.932

0 .913

39.808

59 .5 8 6
9 .47

4.562

4.529

68.738

68 .530

3.792

3 .784
0 .956

68.035
3.764

0.951
20.178
3.08

15 .470
2 .36

0.954
17.359
2.67

25 .586
3 .96

6.24

1*0* Coal

23* coal.
direct

15* nucl.,
etc .

2 5 * petrol. 2 8 * petrol.

15* gas
10* nucl.

0.989

0.981

0.956

19* gas
30* gas from
coal
0* nucl.
0.959

(Goods) $
26.81

26.58

27.06

26.08

70.20

70.18

70.28

70.25

2.83

3.05

2.49

3.56

0 .1 6

0.19

0.17

Ovll

0.214

0.235

0 .2 1 6

..0.258

i H S F S n

2.333

2.364

2.391

2.420

I-serv. unit

1 .6 0 6

1.624 •

1.675

1.683

Income
u £

(Service) $
--- Income"" (,)

<avl
a a
0 p.

0809
0000
0000
0000

0 019

1.996

R (Dimensionless)

0000

0 309

38 140

40* Coal

10* solar

27 8 0 1
18 103

0.277

0.000 0 130

Case IV

1 7 * Coal

■0000

0.043

0 .1 2 0

C... I

Case III

7* nucl.,

51.541

28.724

Coal Alter natives

Case II

1*5 * petrol. 30* petrol.

0.107
638
0.931
419
51.657 51 683 51.689 51 672
51 609
1 1 0 . 8 6 1 1 1 1 702 112.368 1 1 2 859 113.173 113 303
2 220
2.266
2.330
2 303
2.354
2 347
2.540

1975 Higher
f

2

0 492

SU- (B units/yr)

19 75

w—1

0.768

(B units/yr)
(B units/yr)

SU

0.000
0.000
0.000

0.051

23.525
0.000

System variables vs. v, the fraction of untreated effluent.

Variable

WU

0.605

26.484

75.955
4.081

billio n (109 ), Q -

0.000

SU- (B units/yr)

All $ are 1971 ♦

00 E

0.000

0.047

(QBtu/yr)

LW

0.000

0.718
1.266
0.322
1.967
50.211 50.254 50.285 50.307 50.317 50.316
109.571 110.226 110.741 111.114 111.344 111.428
3.153
3.119
3.075
3.177
3.191
3.195
0.130
0.033
0.292
0.805
0.517
27.441
27.077
27.678 27.801 27.803 27.683
18.533 18.642 18.605 18.424 18.103 17.646
0.102

fr
F

le

2 .1 8 2

0.083

Fc

PW/l

11.256

0.026

(QBtu/yr)

Case Ills

11.257
0.082

0.129

1 377
22 461

Table 6.

11.257

0.000

74 191
0 000

B

11.256

WUg (B units/yr)

37 111

M * million d o 6 )

1.720

GU- (B units/yr)

units/yr)

1 3.36

1.697
2.152

2.133

0.877
0.000

(B units/yr)
suc
SU- (B units/yr )
(QBtu/yr)

23 883

11.251

2.473

1.679
2.122

0 006

(B units/yr)

(» /pers-hr)
(Dimensionless )
R
E.S C. (Bl/yr)
E.S C. /Income (*)

2.119
11.254

2.41*0

1.684

0 583

0 515

(QBtu/yr)

GUpg(B units/yr)

1.683

2 .1 2 6

0.263

2.421

0 025
0 129

1 8l4

i

GUW (B units/yr)

1.695

w-1.0

0.260

0.056

0 100

(QBtu/yr)

GUg (B units/yr)

2.420

w-0.8

0.258

19.392
0.152

0 038

24 882

Pera-hr/yr)

2.4 37

w-0.6

0.257
2.41U

GUC (B units/yr)

0 15 6
0 8o4

V

LPS

0.258

17.937

units/yr)

wur r

(B pers-hr/yr)

w-0.4

w-0.2

0.259

18 621

WUp (B units/yr)
(B units/yr)

units/yr)

w-0.0

19 110
0 336

19 458

Hot

w-0 .6

0.234

1. 624

19 306
0 000

Fw

w-0.4

0. 235
2. 364

49 459 49.459
49 330 49 381 49.419
111. 302 112 237 112.971 113 505 113 835 113.953
2 783
2.723
2 883
2 829
2 889
2.863
0.000
0 184
0 046
0 7-31
0.413
1 135
25.102
26 000 26 159 26.149 25 971 25 622

(B pers-hr/yr)
(B
(B
0UV
GU ps (B
(B
GUc
GU- (B

2. 387
1. 640
9. 593
2. 775

(B pers-hr/yr)
(B pers-hr/yr)

gue

w-0 .2

23* coal, 28* petrol., 19* nat. gas, 30* coal+gas,
0* nucl.

s

(Fuel)-*
-----Income — (*)
"Unwanted" G A S* ,* \
l
Income
Pp/‘

470

3 0 16
24 682

t> p.

000

Pc/.
l. 8/1

556
g'S-iJL. (*)
Income

.§£<
.3 +*

M - million (106 ), B • billion (109 ), 0 - quadrillion (1015)
0

All $ are 1971 *
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lw

2.58

2.36

1.84

68.53

80.34

77.72

76.48

/l t (*)

0.76

1.04

0.95

0.73

(*>

4.51

5.54

4.65

6.51

j 94.73

93.42

94.40

92.76

F (QBtu).
§

1.90

(L P0+LP^ /l t (*)

Table 9- Summary of Advantages and Disadvantages of the
Different Fuel Mixes
ADVANTAGES

DISADVANTAGES

CASE I
{Present
system)
17* coal
1*5 * petrol.
31* gss
7* nuclear,
etc .

1. Provides greatest material
standard of living to consumer
2. Low environmental damage
3. Requires fewest changes in
the extraction and industrial
sectors

1. Requires heaviest
dependence on foreign
oil Imports

CASE II
40* coal
30* petrol.
15* gas
15* nuclear.
etc.

1. Reduces dependence on
foreign oil
2. Creates more Jobs since
the coal industry io more
labor intensive
3. Almost as great material
standard as Case I

1. Produces greatest
environmental damage
2. Requires many
changes in Jobs and
production methods

CASE III
40* coal
25* petrol.
15* gas
10* nuclear.
etc .
1 0 * solar

1. Reduces dependence on
foreign oil
2. Reduces total energy
resource demand
3. Creates a new labor
intensive industry
with new Jobs

1. Reduces total good
and service to conSumer because of
money Invested in
solar conversion
equipment
2. Second highest
environmental cost
due to heavy direct
use of coal

1. Requires lowest demand
for foreign oil. Probably
a self-sufficiency alternati ve
2. Creates many new Jobs in
the energy and gasification
industries
3. Lowest environmental
impact of all systems studied
4. Nuclear energy problems
are avoided

1. Increases demand
for energy resources
2. Reduces naterlal
standard of living
3. Higher relative
prices for everything

CASE IV
23* coal
(direct)
28* petrol.
19* gas
30* coal for
gas
0* nuclear

F ig . 1 .

E q u ilib r iu m

Fuel

QBtu
Total

Cool

1 3.15

0.92

Petroleum

34.87

Nat.Got
Nuclear, etc.

M o d e l o f Ihe U .S. E n e rg y - E n v iro n m e n ta l - E co n o m ic

System

TOTAL

QBtu
QBtu
Extraction Market

GUf
(B unHi)

8$
Fuel
Solei

BS
Equip.

12.23

1.23

15.04

4.51

flip)
0.47

10.53

2.33

3.49

31.38

0.92

20.67

13.68

1.67

12.99

3.12

24.47

1.22

23.23

0.71

16.51

9.08

0.93

7.43

1.79

5.35

0.33

3.22

0.51

2.66

1.06

0.11

1.60

0.38

78.04

3.96

72.08

-

3.20

-

7.82

-

63.08

LBb

In Ihs above, PQ=9.55 $/unll, 1= 4.16 $/per»-hr
F iq. 3.
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. le
(Bparvhi)

PF
($/MBtu)

D a ia il o l E xtra ctio n S e cto r fo r C a te I , th e 1975 Reference Economy

76 c

8

E

3

74 °

S'
/T'

P

F ig .4 .

F ig . 6 .

V a ria tio n o l s o m e im p o r t a n t s y s te m v a r ia b le s w it h w , t h e fr a c t io n
o l u n tr e a te d

V a r ia tio n

o f s o m e im p o r t a n t s y s te m

o f u n tr e a te d

e f flu e n t.

v a r ia b le s w i t h w , th e f r a c t io n

e f flu e n t.

C a s e I I I : 4 0 % c o a l, 2 5 % p e t r o l . ,1 5 % g a s , 1 0 % n u c l., 1 0 % s o la r

C a s e 1: 1 7 % c o a l, 4 5 % p e t r o l . , 3 1 % g a s , 7 % n u c l.

■20

-19 a>

- -17
- -16

w s fr a c t io n
w s f r a c t io n o l u n tr o a to d

o lflu o n t

— C LEAN

F ig .7.
F ig .5 .

V a r ia tio n o f s o m e
o f u n tre a te d

im p o r ta n t s y s te m

v a r ia b le s

o l u n tro a to d

o f llu o n t

------- CLEAN

DIRTY -------- ►
w i t h w , th e f r a c t io n

V a r ia t io n

o f u n tr e a te d

e f flu e n t.

DIRTY-------►

o f som e im p o r t a n t s y s te m

v a r ia b le s w ith w , th e fr a c t io n

e f f lu e n t .

C a s e I V : 2 3 % c o a l ( d i r e c t ) , 2 8 % p e tr o l., 1 9 % n a t. g a s ,3 0 % c o a l— gas,

C a s e II : 4 0 % c o a l , 3 0 % p e t r o l . ,1 5 % B a s , 1 5 % n u c l .

0 % n u c l.
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THE REALIZATION OF AN EDUCATIONAL PROGRAM
FOR IMPROVING ENERGY EFFICIENCY
IN THE FURNITURE INDUSTRY

Herbert M. Eckerlin and Albert S. Boyers
North Carolina State University
Raleigh, North Carolina

Abstract
A new educational program in energy conservation has been developed by North
Carolina State University for the furniture industry. This paper describes the
development, implementation, and content of the program and presents some typ
ical workshop problems applied to the furniture industry. Some measures of the
effectiveness of this program are discussed and some important elements contrib
uting to the success of the program are identified.
1.

INTRODUCTION

through individual exercises, case studies, and

The Industrial Extension Service (IES) of the

group discussion.

School of Engineering of North Carolina State

Educational programs in energy conservation tend

University has developed a new educational

to be applicable to people sufficiently knowl

program in energy management for one of North

edgeable in energy conservation to extend their

Carolina's major industries —

own abilities.

Industry.

the Furniture

This educational program, titled the

As a general rule, these programs

do not reach the smaller companies that often

"Energy Caucus", focuses on the establishment,

operate without trained engineers.

implementation, and operation of a company-

companies in the furniture industry fall in this

operated energy conservation program.

It is

category —

designed specifically for persons responsible

Numerous

they recognize that energy waste is

a problem, but they do not have the technical

for (or interested in) energy management in

expertise to implement an energy conservation

their companies.

program.

During the caucus, practical

energy conservation techniques are applied to

It is in response to this need that the

"Energy Caucus" was developed.

the machinery and buildings normally used in
the furniture industry.

The techniques are

The program was designed for persons with a

presented at a technical level representative of

technical inclination, but who may not have a

the industry.

college degree.

Emphasis is placed on actual

A person does not have to be

workshop sessions in which each participant has

technically sophisticated or proficient in

an opportunity to learn the basic concepts

complex mathematical procedures to be able to
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participate in or benefit from this workshop.

to stay in business.

The only prerequisites are that the participant
have (i) a working knowledge of some plant

After considerable discussion, it was agreed that

equipment (boilers, motors, air compressors);

the energy problems of the furniture industry

(ii) some understanding of some physics concepts

might best be addressed by an educational program.

such as heat and energy; and (iii) some under

Since the bulk of the industry is made up of small

standing of working with units.

units, which are not staff oriented, it was agreed

Depending on

the size and type of company, the participant

that the educational program must be tailored

may be the plant manager, the maintenance fore

specifically for plant personnel responsible for

man, the vice president, the personnel manager,

implementing energy conservation measures.

or the chief engineer.

it was recognized that the level and language of

The "Energy Caucus" is sponsored by the Southern

meaningful to this audience.

Also,

the program must be carefully chosen to be
SFMA suggested that

Furniture Manufacturers Association (SFMA),

the realization of a quality program to meet this

headquartered in High Point, North Carolina,

need might best be achieved if NCSU would work

and the Furniture R&D Applications Institute

cooperatively with SFMA, thus making this program

at NCSU.

a joint venture.

The cost of this one-day program is

In the spirit of the land-

$35 per person for SFMA members and $45 for non

grant university, IES agreed to provide the time

members.

of technical people

This fee includes lunch and coffee

to develop and present the

breaks, NBS Handbook 115, and approximately 120

program, with SFMA to underwrite the out-of-

pages of handout material developed by the

pocket development costs.

authors.
During this preliminary meeting, a few program
2.

PRELIMINARY DISCUSSIONS

guidelines were established.

It was generally

felt that too many guidelines at this stage

In October of 1975, Mr. E. L. Briggs, Jr. of the

would only serve to constrain the development of

Southern Furniture Manufacturers Association

the program.

(SFMA) met with members of the Industrial

Thus, the initial set of guidelines

were limited to the following:

Extension Service (IES) and the Furniture
Manufacturing and Management Department of North

* the program should be well-done,

Carolina State University to discuss the energy

* the program should be no longer than one

situation and its effect on the furniture
industry.

working day,

The focus of Mr. Briggs' concern was

* the program should use visual aids of all

that energy costs were becoming an increasingly

types, and

significant factor in furniture manufacturing.

* the program should be workshop oriented —

Feedback from SFMA members indicated a rising

with considerable time set aside for the

concern with problems associated with energy.

discussion of problems and the exchange of

In recent years, the cost of energy, as a per

information.

cent of sales dollars, has increased from less
than one percent to 3.5 - 4.2 percent.

Although the authors were familiar with general

For an

energy conservation concepts, they felt it was

industry that historically has been a low

essential to the relevancy of the program for

profit* industry, such increases in manu

them to become more familiar with the furniture

facturing costs are a serious problem; partic

industry through plant visitations.

ularly to the small companies that are struggling
*Typically, case goods manufacturers realize a net profit of 4-5 percent (after
taxes), while upholstery firms average 1-2 percent less.

382

Mr. Briggs

of SFMA agreed that this was highly desirable and

personnel.

that SFMA would pay expenses for the travel

this position, and suggested that the first two

involved.

programs might be the subject of later meetings.

It was further suggested that such

SFMA acknowledged the validity of

plant tours would provide an excellent opportu
After considerable discussion, the group decided

nity for taking slides of various furniturerelated energy conservation opportunities.

that the program should address the following

The

major topical areas:

meeting concluded with the participants feeling
optimistic that the program would be a worth

* Energy conservation programs —

while effort and of real service to the people
of North Carolina.

tion and implementation

A planning meeting was

scheduled for December 5 in Greensboro —

* Boiler operation
at

* Burning wood waste

which time the authors would meet with executives

* Steam traps

from the furniture industry and discuss the

* Compressed air

details

* Heating and exhaust systems

of the proposed energy conservation

program.

* Dry kilns
3.

3.1

organiza

* Electrical energy consumption

PROGRAM DEVELOPMENT

It was further agreed that for maximum impact,

THE PLANNING MEETING

the program must emphasize practical situations
On December 5, the authors met with a group of
which plant people understand and to which they
executives from the furniture industry for a
can relate.

Whenever possible, an energy

planning session on the proposed energy conserva
conservation opportunity should be evaluated in
tion program.

The industry group consisted
terms of energy dollars saved versus energy

primarily of vice presidents, chief engineers,
and plant managers —

dollars spent.

technical people with

broad experience in the furniture industry.
A preview of the completed program was scheduled
The primary purpose of the meeting was to
for January 29 in Greensboro, at which time these
determine the principle areas of energy conserva
same executives would be given an opportunity to
tion that should be covered during the program.
evaluate the final version of the "Energy Caucus.'
The authors were intent upon getting the
This review was felt to be a critical part of
industrial perspective on this point, since they
the program development, since it provided a
wanted the program to have the proper focus and
final check by the furniture industry on the
orientation and not be simply an academic
content, level, and relevancy of the "Caucus."
exercise.
3.2

THE INDUSTRY TOUR

The industry group strongly supported the SFMA
position that there was a tremendous need for an

After the planning meeting, the authors visited

energy conservation program for plant personnel.

numerous furniture plants throughout North

However, Mr. Lorah Fox of Lea Industries express

Carolina, learning firsthand about the energy

ed some concern that such a program would not

problems of the industry.

yield long-term results in the factory —

authors had the opportunity to talk to people

energy conservation was
support.

unless

at all levels of operation, and were able to

given top management

formulate a broad perspective on the needs of

It was his feeling that the industry

needed a three-prong attack —

During the tour, the

the industry.

one which

A few companies were found to

focused on top management, another for the

have effective company-operated energy conserva

financial people, and a third for plant

tion programs, but the majority were found to be
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sadly lacking in this area.

Regardless of .their

ences on similar problems from their individual

particular state, all companies were most helpful

work situations.

in describing their operation and in pointing out

information was felt to be a valuable function

energy conservation opportunities that could be

of the workshop.

used as workshop examples and problems.

included in the program, it was suggested that

The tours

also provided the authors with the opportunity to

Such an exchange of ideas and

If calculations were to be

the calculation procedure be presented by the

take over 100 pictures of energy conservation

instructors —

opportunities, and the resulting slides formed

would then be able to apply these procedures in

an important part of the final program.

their own work environment.

The authors spent most of December and January

In summary, the feedback from the industrial

developing course materials.

planning group was positive.

Based on the

planning meeting and experience from plant

and those participants so inclined

They felt that this

program would be an important first step in

visitations, the authors developed 80-100 pages

informing the industry on the methods and potential

of written information, examples, and problems.

benefits of an energy conservation program.

Also,

Conjointly, about 40 colored transparencies were

the feeling was expressed that the program partic

made on specific technical points in the major

ipants would gain valuable tools for implementing

areas of energy consumption identified pre

basic energy conservation measures in their

viously.

individual plants.

Copies of these transparencies are

included with the handout material.

All educa

tional material is distributed to participants
in a three-ring notebook.

4.

SPONSORING ORGANIZATIONS

Thus, the workshop
4.1

hinges around
* worked examples and illustrations

THE SOUTHERN FURNITURE MANUFACTURERS
ASSOCIATION (SFMA)

SFMA is a voluntary non-profit trade association

* use of slides

for manufacturers of household and institutional

* use of colored transparencies

furniture.

* handout material

Founded in 1911, SFMA provides

management services and information to aid the

* NBS Handbook 115

growth and development of the furniture industry.

* an energy film.

The Association is divided into five divisions —
3.3

THE TRIAL RUN

Production and Cost, Sales and Marketing,

The trial run was held in Greensboro, North

Industrial Relations, Traffic and Transportation,

Carolina on January 29, 1976 with many of the

and Finance.

Each division is governed by people

industry people present who had attended the

from industry whose primary function within a

previous meeting.

manufacturing company is directly related to the

well received.

In general, the program was

The only major criticism related

concerns of that division.

This organizational

to the calculations required to complete certain

structure makes possible participation by all

problems.

levels of management —

Some industry representatives feared

that the calculations might discourage or lose
some of the workshop participants.

from the company president

to the plant supervisor.

The

executives felt that the potential audience might

Membership in SFMA is open to any company engaged

gain more from group discussions of energy

in the manufacture of furniture in the United

problems —

States.

discussion sessions which would

enable the participants to share their experi

Dues are based on the annual volume

of shipments.
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4.2

date, six programs have been presented.

FURNITURE R&D APPLICATIONS INSTITUTE

The Furniture Institute was created in July of
1973 —

with the aid of a NSF grant —

5.1

for the

INTRODUCTION

purpose of increasing the rate of innovation in

The program begins with a short 20-minute film

the furniture industry.

The objective was to

titled, "Energy: Critical Choices Ahead."

reduce substantially the time between an idea

film, developed by the U.S. Department of

and its useful application in industry.

Commerce, focuses the group's attention on the

To

This

national energy problem and the need for conserva

accomplish this time reduction, the Institute
follows through the entire process of research,

tion.

development, and application of a given project,

behind the energy crisis, (ii) the state of our

It discusses (i) some of the reasons

working closely with industrial partners.

domestic energy supplies, (iii) our increasing
dependence on foreign oil, and (iv) some possible
means for meeting our future energy needs.

The Furniture Institute is an integral part of
North Carolina State University.

It has an
5.2

Industry Advisory Board that gives counsel on
what projects are to be pursued.

It also has a
During this 30-minute session, the problems grow

Board of Directors which determines policy and
methods of operation.

ENERGY CONSERVATION AND THE FURNITURE
INDUSTRY — A PERSPECTIVE

ing out of the Energy Crisis are related to the

The Director of the

Institute works with NCSU faculty and the

furniture industry.

technical staffs of participating companies to

of a typical furniture plant is presented, and

accomplish the goals established by the two

the effect of the inputs and outputs on the energy

Boards.

consumption of the plant is discussed.

Major faculty participation comes from

Engineering and Forest Resources —

A simple input-output model

The

participants are encouraged to develop a broad

with Textiles

perspective of energy conservation as related to

contributing on an as-needed basis.

their plants —

to consider a reduction of any

In specific terms, the objective of the Furniture

input flow as a potential energy saving and a

Institute is to bring about conservation of

reduction of the energy level of any output flow

materials, improvement in the product line, and

as a possible source for energy recovery.

economy in manufacturing and distribution.

Some
A second objective of this session is to take the

of the projects now underway are:

participants on an energy audit (via slides) of a
* A technological and economic study of
typical furniture plant.

During this audit,

the potential of fingerjointing,
various energy conservation opportunities are
* Lumber yield improvement program,

pointed out, thus enabling the workshop partic
* Furniture finishing operations through

ipants to relate energy conservation to their own
the use of robots, and
plants.

The costs and savings related to each

* Improved dry kiln practices.
energy conservation opportunity are emphasized.
However, the actual calculations involved in
5.

THE ENERGY CAUCUS

arriving at these cost figures are presented in

The first "Energy Caucus" was held in Greensboro

the technical sessions later in the workshop.

on February 14, 1976, with additional sessions

The main purpose of this session is

scheduled for ten other Southern locations.

A

i) to establish a framework of the workshop

special session was also scheduled for the South

for the participants,

Western Furniture Manufacturers Association at
its annual meeting in Las Vegas on March 3.

ii) to establish an energy conservation

To

perspective among the participants, and
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iii)

5.3

to have the participants come to the

During thisSession, primary attention is given to

realization that the presentation of any

the dominant variables which affect boiler effi

ECO to management, regardless of its

ciency —

technical merit, must be based on energy

air.

dollars rather than BTUS.

is discussed, and various measurement techniques

air to boiler efficiency are also discussed.
Example problems and discussion questions are

participant an overview of the main ingredients
of successful energy conservation programs.

Most

recommended by the U.S. Department of Commerce —

5.4.1

initially in pamphlets and later in the publica

Industry and Commerce", NBS Handbook 115.

The

as listed

are discussed during this presentation.

(1) Organize Management Resources
(2) Survey Energy Uses and Losses —

Records

(3) Implement Energy Conservation Actions —
Goals
(4) Launch an Energy Conservation Campaign
BOILERS

For most industry people, energy conservation
In the

furniture industry, however, the relationship
between energy conservation and boiler efficiency
Some people say, "Boiler

efficiency on wood firing is irrelevant since
the plant is forced to vent steam in order to
burn (get rid of) the excess wood waste."

Discussion Problem

Your company has been burning wood waste as a
supplemental fuel in the boilers for the last
few winters. Wood waste generated during the
summer has also been burned in the boilers — but
most of the resulting steam has been dumped to
atmosphere, since the steam supply greatly ex
ceeded the steam demand.

tion "Energy Conservation Program Guide for

is not as clear cut.

A

sampling of these examples is given below.

modifications of the four step procedure

means improving boiler efficiency.

introduced at various times during the session to
illustrate a particular idea or concept.

of these programs tend to be extensions or

5.4

General rules of thumb for re

lating changes in stack temperature and excess

The purpose of this session is to give the

below —

The importance of measuring these variables

are presented.

COMPANY-OPERATED ENERGY CONSERVATION
PROGRAMS

major elements of this procedure —

namely, stack temperature and excess

As a consequence of recent energy conservation
policies within the company, you (as Facilities
Manager) have initiated an ambitious program to
reduce energy losses. You have spent significant
capital improvement funds for insulating pipes,
replacing steam traps, installing steam flow
meters, recirculating dust collector air, and
enlarging storage facilities for storing
summer wood waste.
During this past winter the weather has been
unusually severe and your plant has had to
purchase 25% more fuel oil than the average of
the last five winters. This increase in fuel
oil consumption is quite unexpected — because
of the equipment improvements mentioned above.
Corporate headquarters acknowledges that the
winter has been more severe, but feels that the
energy conservation steps should have (at least)
offset the effects of the colder winter.

Others
As Facilities Manager in Charge of Energy
Conservation, you have been asked by corporate
headquarters to develop a detailed explanation
(with accurate numbers) of why oil consumption
has increased so drastically this winter.

say, "Wood waste is our most important raw
material; shortages have been developing;
particle board is utilizing much of the waste;
energy derived from burning wood can no longer
be regarded as a free byproduct."

What are you going to do?

It is fair to

say that neither statement is a completely
accurate description of reality, but —

What will you do between now and next winter?

the

authors believe that the latter position comes

5.5

closer to the truth today, and will prove to be

The purpose of this session is:

much more accurate in the future.

ELECTRICAL ENERGY CONSUMPTION

It is from
i) to introduce the participants to the

this perspective that the presentation on boilers
subject of electrical energy billing,
was developed.
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of the metering equipment — which can run as
high as $1500 per installation.

ii) to give the participants an understanding
of "energy charges", "demand charges",

How does the present electrical rate structure
influence the usage patterns (habits) of the
industrial user?

and the relationship between them, and
iii) to introduce the participants to such
concepts as electric demand metering,

The present structure encourages the industrial
consumer toward high energy usage and low demand.

demand control, 12-month ratchet clause,
load factor, and power factor.

How is "load factor" determined?

The following examples and discussion questions

_

Actual Usage__________
(Hours/month)(Peak Demand)

illustrate the type of material covered in this

Loa

session.

The power company would like to get the "Load
Factor" as high as possible — by increasing
usage and decreasing peak demand.

5.5.1

Example

During January of 1975, a local furniture com
pany used 177,120 kwh, with an actual demand of
380 kw, a billing demand of 600 kw, and a total
bill of $3,984.02. Go through the bill calcula
tion procedure and check to see if the company
was overcharged.

actor

What are some typical load factors for different
industries?

95%
60-65%
40%
15%

Chemical, Glass
Textile
Knitting,' Sewing
Lumber

During the workshop, the importance of the bill
calculation procedure is discussed, and specific
sections of the rate schedule are emphasized.

STEAM TRAPS

5.6
5.5.2

Load Factor

Type of Plant

Group Discussion Questions

The session on steam trapping has been presented
on various occasions by a representative from

As an industrial customer, do you believe it
would be to your advantage or disadvantage to
have the demand integrated over a 20-minute,
10-minute, 5-minute period? Why?

Yarway Corporation.-

A sampling of the type of

information discussed is given in the following
examples.

The key here is the word maximum; which implies
that the power company needs to know your peak
demand — while the low demand times are really
of no interest to them. The shorter time frames
would tend to yield larger integrated demands
which in turn would be reflected in a higher
demand charge to the customer.

5.6.1

Example

With the rising cost of fuel, industry has
become concerned with the inefficient loss of
steam — steam losses from leaking pipes, flanges,
steam traps, and other apparatus . How much
you think these losses cost you today? The
information below will give you some idea.

How does the 12-month ratchet work?

13,300
52,200
209,000
833,000

1/16
1/8
1/4
1/2

Why does Duke use a 12-month ratchet for deter
mining the billing demand?

Cost
Per
Year
$

Steam
Wasted
Per M o .
(lb.)

Leak
Diam.
(in.)

The demand charge for a given month is establish
ed by the maximum integrated 30-minute demand
in the previous 12 months, even if the actual
demand for that month is less than that maximum.

$

480
1890
7800
30,000

These costs are based on 100 psig. steam at
$3.00 per 1000 pounds.

Because the peak kw demand determines the power
generating and transmission equipment that Duke
must install to satisfy that peak demand, even
if that demand only occurs once a year.

5.7

INSULATION

In the previous session, the heat loss associated
How does the power factor adjustment enter into
the electric billing process?

with the loss of "live" steam from malfunctioning
traps, leaking valves, pipes, and flanges was

Here again, the exact nature of the adjustment
varies from company to company. Some power
companies are penalizing their industrial cus
tomers for power factors below .85 - others are
not. One of the reasons that a power factor
penalty is not universally imposed is the cost

discussed.

An equally serious energy loss is the

heat loss from uninsulated steam lines.

The

actual energy dollars lost because of uninsulated
steam piping is stressed in the following example
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5.7.1

Example

plant is now operating under a considerable
negative pressure — .10 inches of water gage.
The consequence of this rather substantial
pressure differential across the loading door is
that during the winter, cold air enters the
heated building at a velocity of 760 feet per
minute. For an 8-foot wide door, this corresponds
to a volumetric flow rate of

Consider a typical plant with a steam system
operating at 100 psig. Suppose that the steam
main which distributes the steam around the plant
is an uninsulated 8-inch line. From NBS Handbook
115, you can readily see that gn 8-inch pipe with
100 psig steam loses 1850 x 10 BTU per year for
each 100 feet of uninsulated pipe (based on 24
hour operation). For a line 1000 feet long, the
loss would be 10 times the above value — or
18,500 x 10 BTU per year. That is the energy
loss from one pipe — many plants have a large
number of these uninsulated pipes spread through
out the system. The cumulative energy loss —
and dollar loss — associated with these un
insulated lines can be quite large.

760 ft.
min.

For an average winter ambient temperature of
20°F, the energy required to heat this leakage
air up to the 70°F level of the plant is:
^
= 1.08 x CFM x a T
hr.
BTU
= 1.08 x 2026 x 50 = 109,500
hr.
This quantity of heat, expressed in terms of BTU
per hour, does not have much meaning for most
people. One perspective which may be helpful
is to compare this heat quantity with the rating
of the furnace in your home. Most average size
homes in the Mid-Atlantic States have furnaces
rated around 100,000 BTU per hour. Thus, the
air leaking into the plant through a 4-inch by
8-foot gap requires an energy source the size of
your home furnace to heat it up to 70°F.
5.9

But, you must remember that all the BTU's fired
in the boiler are not converted into steam —
some are lost in the conversion process, as
discussed in Section 5.4. Let's be optimistic and
assume a boiler efficiency of 80%. Then the
annual energy dollar loss becomes:

source of considerable energy loss.

loss are:
* air leaks

_ $578Q per yr>

* excessive line pressure
* high inlet

The following example illustrates the effect of

the heating, ventilation, and air conditioning

each of these factors on the energy consumption

A considerable portion

of this energy is wasted —

of a compressed air system.

simply because of

5.9.1

poor operating practices, carelessness, and

Example

As a consequence of recent increases in the
electric bill, the management of your company has
decided that the compressed air system should be
thoroughly evaluated from an energy conservation
point of view. You have been given the respon
sibility for conducting the evaluation. What
are you going to do?

In this session, the energy

lost as a consequence of trivial or minor
violations of basic energy conservation
principles is discussed.
5.8.1

temperature

* improper system layout

A tremendous amount of energy is consumed in

employee habits.

The factors

most commonly found responsible for this energy

HEATING, VENTILATION, AND AIR CONDITIONING

of industrial plants.

COMPRESSED AIR

The compressed air system in a plant can be the

.oU
5.8

cubic f t .
min.

2026

2026 CFM

The dollar loss associated with bare steam
lines is a function of fuel fired in the boiler
to generate the steam. Let's assume, for this
example, that you have an oil-fired boiler
burning #2 fuel oil. For a unit cost of $.32
to $.39 per gallon and a higher heating value
of 140,000 BTU per gallon, the energy cost
ranges from $2.21 to $2.38 per million BTU.
For calculation.purposes, use an average value
of $2.50 per 1CT BTU, Thus, the annual energy
dollar loss from 100 feet of 8-inch bare pipe
is:
$2.50
1850 x 106 BTU
= $4620 per yr.
year
io6 BTU

$4,
620 per_gea.r

4 in.____
x 8 ft.
12 in./ft.

Example
A reasonable first step in evaluating the energy
efficiency of a compressed air system is to
determine if the air is actually getting to where
it is needed.
Stated in other terms, this means
locating and repairing the air leaks in the
compressed air lines. But . . . air leaks are
odorless and invisible, and therefore often
difficult to find. Also, the hissing sound which
accompanies a leak is often difficult to hear

Consider a typical plant with a loading area
consisting of three 8 x 8 loading doors. On one
of these doors, the lower weather stripping has
been ripped off — leaving a 4-inch gap between
the bottom of the door and the cement floor.
As a result of an OSHA inspection last year, a
new exhaust system has been installed and the
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because of plant noise. Under such conditions,
it is important that you conduct your first
inspection of the compressed air system during
off-hours — either at night or on weekends,
when the plant noise is at a minimum. After
having located (and hopefully repaired) the large
leaks, you should inspect the pipeline, air hoses,
valves, and fittings for small ones. A good
method for locating these "harder to find" leaks
is to swab the line or fitting with soapy water
and then look for blowing bubbles. Even the
smallest leak will usually identify itself in
this fashion.

only informative for the persons involved, but

The energy loss associated with an air leak is
a function of the size of the hole, the line
pressure, and the cost of the energy used to
drive the compressor. From the table on page
3-31 in NBS Handbook 115, you will note that
one hole, 3/8 inch in diameter, will leak 79
million cubic feet of 100 psig air in one year
(for 24 hours a day operation). This air loss
is equivalent to 2190 million BTU per year or
$4370 (assuming a motor driven compressor at
$.02 per KWH). If the average electrical energy
cost in your area is $.03 per KWH, the energy
dollar loss for this leak increases to $6560.
It is important to remember that this is the
energy loss associated with one leak. In
typical plants — because of multiple leaks —
the energy loss is many times the above figure.

requested to complete at the end of each Caucus.

it is also educational for the other students
attending the Caucus.

At other times, partic

ipants bring information and devices to show or
share with the audience.
The six "Energy Caucuses" held to date have
generally been well-received.

One measure of

the effectiveness of these programs is the
SFMA evaluation sheet which each participant is

The response to the question —

"What is the

single best idea you received?

If you use it,

what will be the approximate first year savings?"
—

is particularly interesting.

Although only

about 10 percent of the participants felt they
could make such a forecast, the cumulative
predicted first year savings came to over
$720,000.

This figure is about 350 times the

registration cost of all participants to date.
Obviously, the success of this program can not
be attributed to any single factor.

At this point in your evaluation of the compress
ed air system, it is obvious that the air leaks
should be repaired as soon as possible. In some
situations, however, it may be necessary to
wait for a plant shutdown. In such instances,
perhaps some temporary measures can be taken to
plug the large leaks.

In the

opinion of the authors, some of the more
important elements which have contributed to
the success of this effort are:
(1) The cooperation and support of a strong
trade association. For this program,

6.

SUMMARY

SFMA was able to handle all advertising,

The presentation of the Energy Caucus is, in
large part, a multi-media performance.

promotion, and arrangements,

The

(2) The

workshop examples discussed in the previous

closely

section are "worked through" with the aid of
transparencies and slides.

counsel of an academic department
allied with the industry to be

served,

Tables, data, and

(3) A close working relationship between the

graphs are on reverse-color transparencies.

trade association and the academic

Slides of equipment and operating practices are

department, and

also projected concurrently on a second screen.

(4) A service-oriented faculty with broad

Calculation and equations are illustrated on

industrial experience capable of

clear acetate and projected with an overhead

relating to the industry people at the

projector.

appropriate technical level.

In this manner, close identity with

the audience is maintained in an informal
7.

manner appropriate for adult education.
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ENERGY CONSERVATION IN AERONAUTICAL GROUND TESTING
R. W. Hensel, Technical Director
ARO, Inc. , Sverdrup & Parcel & Assoc. , Inc.
Arnold A ir Force Station, Tennessee

Abstract
Large aeronautical ground test facilities, particularly continuous flow wind tunnels and
engine altitude test cells, are large users of electricity. Because of the correspondingly
high absolute cost of energy, these facilities generally maintain continual programs to
minimize both energy and power levels consistent with achievement of testing objectives.
The recent sharp increases in kilowatt-hour costs (overall rates doubled within two years
at the U. S. A ir Force's Arnold Engineering Development Center, for example) have re 
sulted in a proportional rise in efforts to effect further economies. The various methods
available to reduce electricity costs fall in three categories: (1) methods related to disci
pline in the operation, (2) improvement of test facility aerodynamic efficiency, and
(3) productivity improvements resulting from modernization and new developments in data
acquisition, reduction and analysis systems and in testing techniques. Category (1) - op
erational discipline - is naturally very cost effective, but also is limited in gain potential.
It is shown that Category (3) - modernization and new developments - effects large and
very cost-effective improvements in productivity; some recent examples are presented.

1.

INTRODUCTION

experiments and, for a given Reynolds number, small

Ground testing of aeronautical vehicles and their com

scale wind tunnels are less expensive.

ponents is principally accomplished in wind tunnels of

purpose tunnels have a practical lower size limit be

various description and In engine test facilities.

cause of limitations in scaling complex models and their

The

However, multi

governing parameters for moving a test gas (generally

instrumentation.

air) in such equipment are working section Reynolds

breathing or rocket) are tested at full scale because of

number (or altitude for engines) and Mach number.

the extreme difficulty of building subscale engines, the

Mach number must normally be duplicated to assure a

length-dependent nature of combustion phenomena, and

valid ground test.

the various additional benefits derived from ground test

In wind tunnels, scale models are

A ir vehicle propulsion systems (air

almost always used, principally because full flight

ing of complex flight hardware at simulated altitude con

Reynolds number is not required for most aerodynamic

ditions.

The work reported herein was conducted by the Arnold Engineering Development Center (AEDC), A ir Force Systems
Command (AFSC). The results were obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and Associates,
Inc.), contract operator of AEDC, AFSC, Arnold A ir Force Station, Tennessee.
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The continuing need in aeronautics for the increased

space chambers, all of which are low energy users by

precision in ground test data resulting from greater

comparison. The energy conservation efforts are main

Reynolds number, particularly in the transonic regime,

ly directed at the large users. The facility examples to

has put further upward pressure on drive power levels

be covered herein are briefly described in the following

for wind tunnels. Larger engines, plus the growing

three sections; they correspond directly to major com

need for combined engine and inlet testing wherein a

ponents of the three test laboratories at the AEDC but

multiple of the engine-alone airflow is required, cause

are also representative of the large energy users in

engine testing power requirements to increase. Opera

aeronautical ground testing.

tion in a continuous mode (in contrast to short duration,

2. 2 ENGINE TEST FACILITY (ETF)

which is measured in seconds) is a necessity for engine
The AEDC's Engine Test Facility (Fig. 1) has two plants

testing and is also used in multi-purpose development
wind tunnels to permit the categories of tests which re

which can be operated separately, but are interconnected

quire long duration. Drive power requirements are

for the usual case requiring combined capacity. ^

measured in the hundreds of thousands of horsepower,

diagonal line (lower left corner to upper right) were

equivalent to the requirements of a city of over 100, 000

drawn across Fig. 1 it would roughly divide the basic

people. Some of these facilities have been noted for

plant (lower right) from the addition (upper left). The

their uniqueness in size and power; the latter is a dubi

basic plant still has much of the original German equip

ous distinction in today's energy economics. Obviously,

ment built during World War II and used originally in

such large power levels also provide large opportunities

Munich (1945). There are four sets of compressors,

for energy savings. What has been and can be accom

two each dedicated to airside supply and to exhaust gas

plished with these opportunities is the subject of this

removal to the atmosphere. Some additional high pres

paper.

sure air is available from the von Karman Gas Dynamics

If a

Facility Plant (VKF) and additional exhauster capability
Almost all the large power ground test units in the world
are of necessity government owned. The experience of

is available from the Propulsion Wind Tunnel (PWT) aux
iliary compressors by prearranged scheduling. Mach

the U. S. Air Force's Arnold Engineering Development

number simulation capability exceeds 3. 0 for air-breath

Center (AEDC) will be used to illustrate the energy con

ing engines. Rocket motor firings (exhaust only) are

servation principles outlined herein. These principles

performed up to 500, 000 lb of thrust with simulated alti

are applicable to other aerodynamic and propulsion sys

tude capability, generally beyond 100, 000 ft, continuously

tem facilities of some similarity to those at the AEDC.
2. HIGH ENERGY USE GROUND TEST
FACILITY EXAMPLES
2.1 GENERAL
As noted previously, the large, continuous, multi-pur
pose development test wind tunnels and facilities de
signed to test complete engines over their simulated
altitude - Mach number operating ranges have large
power requirements. The full spectrum of test equip
ment includes specialized short-duration wind tunnels
(i.e. , blow-down, impulse, shock tube, and expansion
tube), free-flight ranges (aerodynamic and impact) and
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available before, during, and after the firing.

The ETF

tion.

alone has 216, 000 installed horsepower.

closed circuits and providing scavenging systems for ex
hausting air-breathing-engine products of combustion.

2. 3 INTERMEDIATE MACH NUMBER WIND TUNNELS
(PW T-4T, 16T, 16S)

In practice, the majority of the testing is on aircraft

The aerodynamic development work on aircraft configu

aerodynamics.

rations at the AEDC is principally performed in the

The PWT plant includes a large auxiliary compressor

PW T complex (Fig. 2) of two transonic wind tunnels (4T

system called the Plenum Evacuation System (PES),

and 16T) and a large supersonic tunnel (1 6 S ).^ A ll

which is used for a variety of functions such as plenum

have square test sections with the numeral noting the
size in feet.

suction, exhaust gas scavenging (PWT and E TF ), pres

Tunnels 4T and 16T cover Mach number 0

sure level and makeup air control, part of the 16S main

to 2. 0 and 1. 6, respectively, with the major test empha

compressor staging, and the 4T airflow supply (Fig. 2).

sis from 0. 8 to 1. 3; 16S operates in the range of 1. 5 to

The system has two increments, allowing some functions

about 4. 0. A major feature of the 16-ft tunnels is test

to be conducted simultaneously (i. e . , 4T can usually run

section interchangeability to reduce in-tunnel installa
tion time.

Variable altitude capability is achieved by having

at the same time as 16T or 16S).

The interchange is almost always within a
Reynolds numbers in the PWT are moderate because of

circuit because of the different wall requirements (per

the power-limited total pressure levels, about 2 atm in

forated in 16T and solid in 16S). A common motor

4T and 16T and 1 atm in 16S.

drive system is located between the two 16-ft circuits so

Large model sizes in 16T

are needed to fully exploit its transonic Reynolds number

that only one runs at a time.

capabilities.

The PWT has a total of 371,000 installed

horsepower, including the PES.
2. 4 HIGH REYNOLDS AND MACH NUMBER WIND
TUNNELS (VKF - A/B/C)
The high Mach number aerodynamic development testing
at the AEDC is principally performed in the von Karman
Gas Dynamics Facility (VKF) Tunnels A , B, and C. ^
This testing is mainly for space and reentry vehicles
and hypersonic flight applications.

A ll three tunnels are

tied to a common compressor plant (Fig. 3).

Tunnel A

has a 40-inch-square test section and covers the Mach
number range of 1. 5 to 6. 0 with a flexible plate nozzle.
Tunnels B and C have 50-inch-diameter test sections
following axisymmetric nozzles for discrete Mach num

FIG. 2 AEDC PROPULSION WIND TUNNEL COMPLEX

bers of 6. 0 and 8. 0 for B and 10. 0 for C.

The propulsion wind tunnel nomenclature for this wind

feature of this complex is that each test section has a

tunnel complex is derived from the initial design concept

model injection system; since most model changes are

fo r the 16-ft tunnels - to test full-scale engines installed

short, it is both energy and manpower efficient to r e 

in their airframes at simulated flight conditions (Mach
number, altitude, and temperature).

A principal

tract the model while the flow continues rather than us

Much of this work

ing the more lengthy process of shutting off airflow to

is done, but with some aerodynamic compromises in
aircraft configurations because of the 16-foot size lim ita
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the test section.

Rapid model injection also makes it

possible to use various model heat-transfer measure
ment techniques which could not be used otherwise and
which enable more rapid data acquisition, thus minimiz
ing test time for a large fraction of the A/B/C workload.
The compressor plant has up to nine stages available for
A/B/C, with supply pressure levels of up to 2, 500 psi.
Obviously, high Reynolds number capability is available
at all Mach numbers; the installed horsepower for these
nine stages is 100, 000.

FIG. 4 ANNUAL ELECTRICITY USE AND COST
A T THE AEDC
3. 2 ENERGY COSTS A T AEDC
The record of the dramatic increase in energy-alone
unit costs at the AEDC since FY 1973 is shown in Fig. 5.
The total unit cost is determined by adding a demand
charge, which fluctuates relatively little from month-tomonth and translates into about 7 mills/kwh for an av
FIG. 3 AEDC VKF TUNNELS A/B/C AND ASSOCIATED
COMPRESSOR PLAN T
3.

erage energy month.

tember 1975).

MAGNITUDE OF THE PROBLEM A T AEDC

This total unit cost has about

doubled in less than two years (December 1973 to Sep
Obviously, the large variable is the en

ergy rate; if Fig. 5 appears to resemble a rampaging
3. 1 HISTORICAL REVIEW

bull market in stocks, it is not surprising since a new

The nature of the energy problem for all users of elec
tricity can be put very simply - money! At AEDC, the
national oil conservation issue does not arise directly
because the supplying utility, the Tennessee Valley Au
thority (TVA), uses fuel oil only in its gas turbine peak
ing power generation plants.

Figure 4 summarizes the

use and cost of electricity at the AEDC from time zero;
over 90 percent of the totals shown are used to support
the test cells described in Section 2.

The divergent

trends in usage and total costs from Fiscal Year (FY)
1970 on are very evident and are greatly accelerated
after F Y 1974 by energy-alone charges.

Obviously, the

incentive for improved energy efficiency has increased
FIG. 5 TVA ENERGY CHARGE RATES FOR AEDC
(20 TO 50 x 106 KWH/MO)

greatly.
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quotation is received monthly without benefit of regula

number sensitivity early in a test program and

tory lag.

reduce high pressure runs when indicated.

TVA electricity rates are determined by the

(2) Cut back on highest Mach number runs.

revenue levels TVA is required to maintain by law.

(3) Operate at minimum practicable temperature of

Figures mainly represents the price of coal (about 80 per

test gas.

cent of the present system is coal fired with the Brown's
F e rry nuclear units out of service) plus the cost experi

4. 3 IMPROVE AERODYNAMIC EFFICIENCY

ence of energy purchased from other utilities.

To improve aerodynamic efficiency consider:

If

Brown's F e rry were in its normal base load operation at

(1) Compare overall aerodynamic efficiencies for all

a cost of about 6 m ills, replacing about 2,300 megawatts

high energy users with known standards for sim i

of high-incremental-cost TVA or purchased energy, it

lar facilities.

is estimated the recent data of Fig. 5 would be 3 mills/

data to define losses in cases where potential gain

kwh lower in months of marginal capacity. This differ

warrants the effort.

ence is about 15 percent of the total electricity bill for

Recommend additional experimental

(2) Look carefully at facility compressor systems:

every TVA customer, fo r a total of $15,000,000 per

a.

Optimized matching of compressors with facil

month in absolute terms. In this case, regulatory lag

ity flow requirements atall conditions, includ

by the Nuclear Regulatory Commission has been high.

ing all compressor staging combinations.

4.

b.

METHODS FOR REDUCING ENERGY USAGE IN
AERONAUTICAL GROUND TESTING

Off-design efficiencies in variable volume flow
machines.

Look at possibilities for net gains

The various methods for reducing energy usage (and

by removing or unloading stages and changing

cost) available to the operator of an aeronautical test

rotational speeds.

complex can be covered by a 6-point program.

c.

Each

point w ill be covered in the following six sections.

Opportunities for improved efficiencies by r e 
blading, including newer blade profiles.

(3) Specifically in engine testing, investigate improve

4. 1 U TILIZE OPTIMUM OPERATING TECHNIQUES

ments available by diffusers for both core and fan

Some major items to optimize operating techniques are:

flow, including separate diffusers for each.

(1) Review operating procedures to avoid excess

(4) Consider shutdown of less energy efficient fa cili

compressor pressure ratios, specifically includ

ties if work can be done in more efficient ones.

ing plant compressor staging configurations.
Where variable facility geometry is available,

The equations which govern many of the items listed

review methods for ensuring optimization at all

above under Sections 4. 1, 4. 2, and 4. 3 are:

test conditions.
(2) Investigate possibilities to minimize plant opera

W T,

ress).

y

HP '

tion in nonproductive modes (no testing in prog

in general, and

(

1)

Recommend circumstances under which

complete plant shutdown would be cost effective.

with a specified test section size and constant Reynolds

(3) Look for opportunities to avoid use of throttling

number, Mach number, and

r ic :

valves for control purposes and replace these
1.5

valves with m ore efficient ones when practicable.

(2)

HP
4. 2 REDUCE TEST CONDITIONS

(T„ + CX)’

The principal ways to reduce test conditions are:
(1)

where HP is the shaft horsepower, W the weight flow,

Suggest more selectivity in excursions into high
Reynolds number country.

T x the compressor inlet absolute temperature,

Investigate Reynolds
395

V c

the

(7) Speed up existing mechanisms whenever possible

compressor efficiency, \c the compressor pressure
ratio,

y

and economic, and develop new mechanisms

the ratio of specific heats, TM the test region

absolute temperature and CX a constant.

(model injection systems, for example).

Equation (1)

indicates reduced energy requirements result at a given

A few recent examples of instrumentation, control and

Mach number from low W (low pressure level at speci

technique improvements which w ill enable data to be ob

fied T ^ ), T x, and Ac and high rjc .

tained at a faster rate are summarized in the following:

The gain inherent in

(1)

minimizing the test gas temperature once the test con
ditions are determined is indicated by Eq. (2).

4T Automation/ 3^ The AEDC 4-ft Transonic Tun

nel has been automated so that achieving and maintaining

NASA is

presently designing the National Transonic Facility, a

test conditions (Mach number and Reynolds number) and

high Reynolds number continuous wind tunnel, on the

associated test section settings (porosity, wall angles

basis of using nitrogen at cryogenic temperatures to

and flap angles) are now an automatic process.

minimize drive power.

crete model parameters required within a run, such as

^

Of course, the energy in

The dis

volved in achieving and retaining very low gas tempera

angles of attack, ro ll, or yaw, are programmed in ad

tures will determine if a cryogenic tunnel is more en

vance.

ergy efficient.

to determine when test conditions are reached and ini

At the AEDC, an appreciable net gain is

The computer is fed all information necessary

achieved by using additional water flow in coolers when

tiates the data taking cycle, after which the model param

such use still produces appreciable reductions in air

eter is changed as programmed.

temperature.

cess is then repeated when all required conditions are
met.

4. 4 TAKE DATA FASTER

The data-taking pro

A fter a run is completed, the next test condition

is punched in and another run is made, again automat
Data may be obtained at a faster rate by the following

ically.

means:

The control logic in use in 4T is given in Fig. 6.

An important feature of the system is a continually up

(1) Investigate application of quasi-steady-state

dated display of all important test condition parameters

techniques in both wind tunnels and engine test
cells.

in direct engineering units.

In particular, consider continuous model
Pressures

motion with its required mechanisms.

Temperatures

Tunnel

Valve Control
(Mach N a , Pressure
Output
Peripherals
Data
D/A
Converters Voltage

Positions

(2) Look at economics of remote control of test a r

Input
Peripherals

ticle configuration changes, particularly in wind

Data

tunnel models.

Interface

(3) Study net gains possible with available, faster
data acquisition systems.

Consider time-sharing

when practicable to minimize cost.

acquisition cycles of test facilities to the maxi

-

Computer
Peripheral
Control

Periph
e r a l ___
"Control
Desired
Test Conditions

(4) Consider automation of the operating and/or data

Off/On Relays
(Porosities, Wall Angle)

Tunnel
Operators

Motors
Switch
Closures
Lights
CRT Driver

TV
, VisuaJ.
Link
Monitors
Audio/
^ V is u a l Status I
Panel 1
r Link

FIG. 6 THE TUNNEL 4T REAL TIME CONTROL
AND DISPLAY SYSTEM

mum economic extent.
(5) Develop and use new testing techniques leading

The 4T automation system is estimated to have im 

to better and faster results.

proved overall tunnel productivity (output per unit time)

(6) Reconsider operating parameter tolerances

by about 25 percent, mainly by achieving test conditions

(Reynolds and Mach numbers, pressures and

more quickly and allowing much fewer excursions be

temperatures, etc.).

yond tolerable lim its of these conditions between data
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points.

The time previously required for operator de

immediately available results, which also save energy

cisions and communication has been virtually eliminated.

in amounts difficult to quantify by allowing timely deci

Data quality has also been improved because the opera

sions on what data are not necessary.

tors have more time to monitor the operation, and
greater consistency in test conditions is achieved.

The

annual energy-alone cost (at 13. 5 mills/kwh) for 25 per
cent of the 4T operation was $190, 000 in F Y 76.

The

total system cost was $85,000; obviously, the payoff
rate is very favorable.
(2)

Infrared Scanning in Heat-Transfer Measure

ments. A large segment of high Mach number wind tun
nel experiments are conducted for obtaining aerodynam
ic heat-transfer data.

Normally, the major techniques

used involve coating the model with phase-change or
phosphor paints which vary in color with surface tem
perature.

Both methods require extensive off-line

analysis of film records to obtain quantitative values.
The feasibility of performing sim ilar tests using an in
frared (IR) sensor to detect model surface tempera
FIG. 7 TY PIC A L MONITOR SCREEN PHOTOGRAPH
OF SPACE SHUTTLE ORBITER FOREBODY
WINDWARD SURFACE TEMPERATURE
DISTRIBUTIONS

tures was initially shown in Sweden^ and later applied
in G erm any^ and the U. S.^3^ The method has been
used at the A E D C ^ since 1974 with the further refine

(3)

ments of digitally mapping the field of view with 7, 000

Short-Duration Turbine Engine Testing.

In

points which are fed to a computer and of real-tim e on

air-breathing turbine engine testing, after changing

line color display of the model temperature distribution

power setting or flight condition it is traditional to wait

shown in up to 10 colors.

until full equilibrium of all engine parts has been

A typical on-line display is

shown in Fig. 7 for the Space Shuttle Orbiter forebody

achieved before initiating a new steady-state data cycle.

windward surface.

The relative timewise behavior of key performance

This is a black and white print of a

color negative obtained at Mach number 8. 0 in VKF-B.

parameters and temperatures for a representative en

A t the AEDC, IR scanning is mainly used to replace the

gine in the 5,000- to 20,000-lbf thrust range subjected

phase-change paint technique.

to a rapid throttle transient is shown in Fig. 8.

A complete map can be

It

made with IR in one run, whereas it usually takes three

should be noted that the performance parameters (Fig.

with phase-change paint plus the time to clean and r e 

8a) arrive at their steady-state condition in less than a

paint the model after each run.

minute.

(Because of the model

Of the key temperatures (Fig. 8b), those which

insertion systems in VKF A/B/C, short model changes

are related to the gas path (turbine blade and turbine

are made without tunnel shutdown.) The IR heat-trans

discharge gas) reach equilibrium about an order of mag

fe r testing done in F Y 76 thus reduced energy-alone

nitude sooner than those related to the heavier parts of

costs by $97, 000; total cost of the system, including

the engine (turbine wheel and shaft bearing).

spares and integration, was $57,000.

The latter

temperatures define the normal 5- to 10-minute waiting

Again, the pay

period after a change in engine operating conditions.

off rate is favorable even without consideration of the
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cremental costs for all of ETF are estimated at $50,000,

100

largely for the computer software requirements.

The

accurate transient data acquisition systems required
were procured previously for other reasons.

The cost

effectiveness on an energy-alone basis is again very
favorable and promises to improve as the technique
gains greater acceptability in the propulsion community.
One very large advantage not related directly to energy
conservation is the ability to increase the data obtainable
from very expensive, low -life development engines.
4. 5 ELIMINATE UNNECESSARY DATA

FIG. 8 BEHAVIOR OF KEY PERFORMANCE
PARAMETERS AND TEMPERATURES
DURING A RAPID THROTTLE TRAN
SIENT FOR A TYPIC AL TURBINE
ENGINE A T M = 1. 0, A L T = 36,000 F T

Techniques which have been instrumental in reducing the
amount of data necessary for a given objective include:
(1) Consider on-line data reduction for all large en
ergy users.

The philosophy of the short-duration technique is to ob

(2) Investigate possibilities of on-line data analysis

tain all measurements in a much shorter period, one

using interactive graphics and math models when

minute for example, using an accurate transient data

applicable.

acquisition system which includes minimum lag pres

(3) Study application of sophisticated test condition

sure measurements calibrated for corrections if neces
sary.

and configuration matrix selection methods when

Prediction techniques are applied to those tem

peratures which take longer to reach equilibrium, using

applicable for minimized testing, (i.e ., "trimm ed"

the equations:

polar and/or "flight path simulation" data acquisi
tion) .
T(t) - Tj

--- ---= 1 - e
TSS - Tj

Recent examples of the techniques listed above are sum

(3)

marized in the following:

and

T = °2
~ w ac>-8 ’

(1) On-Line Data Analysis. ^

(4)

On-line data re 

duction is now in wide use in aeronautical ground testing.

where T(t) is the instantaneous temperature during the

The quick availability of the data in usable form pro

transient, and Ti and T ss are the initial and steady-

vides the opportunity to modify the test program while in

state temperatures,

progress and thus increase the usable information per

r is the time constant of the tran

sient response which can be related to engine air weight

test hour.

This philosophy has been carried to its lo gi

flows, Wa, and a calibration constant, C 2 , for each

cal conclusion of on-line data analysis at the AEDC with

parameter undergoing temperature measurement.

the aid of interactive graphics and analytical predictions
(mathematical models).

Interactive graphics is a means

The short-duration technique is in use at the AEDC.
of displaying current data on an article being tested for
When the initial phase has been effected in all large ETF
purposes of comparison with previous results and/or
Cells, an overall energy savings of 10 percent ($135,000
math model data which have been stored in the computer.
annually at 13. 5 mills/kwh) is expected.

The technique
Whatever comparisons are ordered can be displayed on

is applicable to about half the ETF testing, but is being
a cathode ray tube (CRT) and hard copies made as

used only about half of this time in the initial phase. In
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desired (Fig. 9).

The various steps in the on-line in

benefits include a recent experience wherein immediate

formation flow cycle are shown schematically in Fig. 10.

comparisons of some engine compressor inlet pressures

Please note the direct contact between the analysis and

indicated some suspicious values. After quick engine

test engineers to enable immediate redirection of test

shutdown, inspection revealed a loose pressure rake

ing as indicated by the data analysis.

which would imminently have been injested by the com
pressor, probably resulting in major damage to a very
expensive and scarce developmental engine.
The main saving in the on-line data analysis technique is
in eliminating unnecessary data; this is difficult to quan
tify.

Some increase in testing rate was also experienced

in the ETF mainly because of a reduction in repeat
points and less time between data points because of the
graphic display.

An overall saving of 7 percent was es

timated for all ETF ($95, 000/year at 13. 5 mills/kwh).
Incremental costs were $60, 000, about a third of which
is an annual cost of software for math model modifica
tions.
FIG. 9 PHOTOGRAPH SHOWING CENTRAL COM
PUTER, DATA BANKS, INTERACTIVE
GRAPHICS DISPLAY, AND CRT HARD COPY

(2)

Flight Path Simulation.

A ircraft performance

in normal flight can be predicted by obtaining a matrix
of wind tunnel data covering a reasonable range of Mach
numbers, pitch and yaw angles, control surface deflec
tions, and aircraft configurations.

At maneuvering flow

conditions, the matrix becomes unreasonable because of
the large range of aircraft angular motion and control
deflections plus the multitude of store configurations
utilized.

Furthermore, the usual assumption of linear

superposition of incremental aerodynamic effects be
comes inaccurate at maneuvering flight and control sur
face angles.

A captive testing technique has been devel

oped at AEDC to directly simulate the aircraft flight
path in high acceleration maneuvers up to the departure
point (limit of controllability).
FIG. 10 SCHEMATIC OF ETF ON-LINE
TEST INFORMATION FLOW

A typical model used for this purpose is shown in Fig. 11
attached to an existing support mechanism capable of

This graphic analysis technique has many potential ap

generating the required pitch and yaw angles.

plications not limited to the specialized field of groimd

diagram of the closed loop control logic is given in Fig.

testing.

12.

At the AEDC, it is also used routinely to ac

The wind tunnel serves as a function generator for

celerate off-line analysis work to help keep up with the

the static force and moment coefficients.

continually increasing test productivity.

the wind tunnel operating conditions, and the

Unexpected
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A block

These data,

predetermined aircraft dynamic derivatives, thrust and

The flight path simulation technique is extremely effec

mass characteristics, and control deflection schedules

tive in reducing the data needed to achieve the desired

are used to solve the Euler equations of motion. A

objective.

step-by-step solution is obtained using a point predic

to automate the control surfaces and about $50, 000 for

tion technique in which the previously measured data

computer software.

are used to predict the aerodynamic coefficients at the

estimates range from 1 to 2 orders of magnitude greater

end of the next time interval, to calculate the pitch and

time, depending on the number of aircraft trajectories

yaw angles, and command model motion to the new

derived.

positions.

test was $30, 000.

If the new measured coefficients do not

For the model of Fig. 9, it required $70, 000

Using the old matrix techniques,

The cost of electrical energy for the present
The energy saving is somewhat aca

agree with the calculated ones within specified lim its,

demic because the extreme data requirements of the

the time interval is shortened until they do.

matrix solutions effectively prevented their use.

Mach num

The

ber is also calculated at each prediction interval and

major contribution of the new technique is that it intro

the wind tunnel is adjusted accordingly.

duces an area of wind tunnel simulation which was pre

This procedure

results in all the data necessary to define aircraft mo

viously unobtainable with reasonable economy.

tion from a given starting point.

(3)

Automatic Trim Control.

One major objec

tive in wind tunnel testing is to obtain lift-drag polars at
trim conditions (all moments = 0 and thrust = drag).
Normally, these results require a matrix of thrust,
angle of attack, and horizontal tail deflection to deter
mine longitudinal trim at a given Mach number and alti
tude.

A closed-loop system has been developed which

is very similar in principle to the flight path simulation
technique and results in direct setting of the test article
to trim.

The model settings which should produce trim

at a given flight condition are first calculated, and a set
FIG. 11 1/20-SCALE MODEL IN THE TUNNEL 16T
TEST SECTION

of aerodynamic measurements is obtained. A check is
then made to determine if the vehicle is in fact trimmed;
if not, the computer solves the trim control position
equations to determine a new set of control positions.
The process is repeated until trim is obtained and de
sired measurements are recorded.

The control effec

tiveness coefficients used in the trim control position
equations are determined experimentally in separate
runs.
It has been determined in one full-scale m issile pro
gram using an air-breathing engine that the trim con
trol technique was faster than the conventional by a
FIG. 12 THE CAPTIVE INSTALLATION AND A
BLOCK DIAGRAM OF THE COMPUTER
CONTROL LOOP

factor of four.

The difference in data-taking time for

this one short test reduced energy costs $53, 000.
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The

extra costs were less than $5,000, mainly for computer

hour (WUOH) in all the large electricity use test cells.

software.

These weighted hours are a direct measure of the test
ing level in each cell; neither the total WUOH nor the

4. 6 OPTIMIZE POWER CONTRACT MANAGEMENT
distribution thereof among the units under consideration
Among the actions which can optimize the power con

has changed significantly since F Y 1973.

tract from the test facility manager's viewpoint are:
(1) Review scheduling procedures fo r possibilities of
reducing power demand charges, including com
puterized control.
(2) Consider possible power contract changes which
could have fiscal advantages:
a. Reduce firm power and replace with curtail
able if reduced demand rates can result.
b.

Obtain a fixed time demand averaging period,
preferably at least 1/2 hour.

c.

Increase allowable rate-of-change of power
under non-emergency conditions.

d.

FIG. 13 AEDC KWH/WUOH IN LARGE ELECTRICITY
USE TEST CELLS

Reduce minimum demand charge as much as
possible.

Wind tunnel and engine test facility designers attempt to

(3) If fixed time demand averaging period is used,
consider use of computerized prediction of de

optimize aerodynamic efficiency of the test units within

mand level at end of period.

specified boundary conditions which prominently include
construction cost effectiveness.

(4) Exercise demand peak shaving by:
a.

b.

Thus, after-the-fact

Shutting down readily interruptible units dur

improvements at the present time are not likely to be

ing periods of high power.

cost effective as both energy and construction cost in

Scheduling maximum Reynolds number (maxi

creases attempt to outdo each other.

mum power) runs to split fixed time demand

found in cases of unexpected aerodynamic performance

averaging periods if such are used.

deficiencies discovered during initial operation.

Exceptions can be

At the

AEDC, various studies to effect the known potential
5. RESULTS AND DISCUSSION
gains in the most economical manner have been and are
Of the various methods for reducing energy usage in

being conducted.

aeronautical ground testing described in Section 4, the

respited from these studies to influence the Fig. 13 data.

Nothing of sufficient magnitude has

first two (Sections 4.1 and 4. 2) relate to the discipline
Sections 4. 4 and 4. 5 relate to test unit productivity, the
in the operation including the cooperation of the spon
output per WUOH.
sors in accepting test condition compromises.

Increases in data acquisition rate

Cost e f
along with elimination of unnecessary data lead directly

fectiveness can be very high for these two, particularly
to equivalent reduction of air-on time required to ob
if there is little or no loss of test time and reduced con
tain a given amount of usable information.
ditions do not affect the results.

The empha

The AEDC experience
sis on information is the key point - just taking data

since F Y 1973 discussed in Sections 4.1 and 4. 2 is sum
faster can result in super saturation of data analysis
marized in Fig. 13, which shows over a 19-percent r e 
capability.
duction in energy expended per weighted user occupancy
401

A corresponding effort toward on-line or

quick-response data analysis, using interactive graphics

with machinery limitations w ill reduce the nonproductive

and math models when applicable, is required as data

time in getting the facility on line to test conditions,

are acquired more rapidly.

changing conditions, and returning off line.

Development of new testing

techniques are also an integral part of productivity,
leading to improved speed and accuracy, but also to in
formation which may have been unobtainable previously.
It is very difficult to measure gains in net usable in
formation, but an indication of past AEDC gains in data
acquisition rates is shown in Figs. 14 and 15.

Data

values (Fig. 14) are individual measurements which are
reduced to a smaller number of coefficients (Fig. 15) in
usable engineering form.

It is clear that large factors

of increase are possible in relatively short time periods.

FIG. 15 FINAL COEFFICIENTS PER AIR-ON HOUR
• TREND IN VKF A/B/C

The real gains are greater than indicated to the extent
that unnecessary data are eliminated.

6.

The more recent

SUMMARY

examples of productivity gains discussed in Sections 4.4

The most effective means of reducing energy used by

and 4. 5 indicate a strong continuation of the trends of

aeronautical ground test facilities are those which are

Figs. 14 and 15.

related to the discipline in the operation and thus require

The cost of most productivity im 

provement items in large test facilities has been r e 

no capital investment, namely optimization of operating

covered within a year in electricity savings alone, which

techniques and reduction of test conditions.

is generally an order of magnitude sooner than the time

power contract management falls in the same category

indicated in a majority of the studies of modifications

except that only costs are involved.

leading to greater aerodynamic efficiency.

three cases are real and visible, but the potential is

Optimization of the Power Contract (Section 4. 6) em

limited.

phasizes measures to reduce costs to the consumer at a

Optimized

The savings in all

Improvements in aerodynamic efficiency are generally

specified energy level by demand charge management.

the least cost effective because of the high cost of modi

The only item with energy-saving aspects is allowable

fications of existing facilities.

rate-of-change of power where maximization consistent

There is some favor

able trend with reduced test facility size because con
struction costs normally vary greater than the square
of size, the rate at which energy use varies.
Improved productivity by taking data faster and eliminat
ing what is not necessary wherever possible offers the
greatest potential at a very attractive rate of return for
the large (and high-energy-use) facilities.

When the im 

provements require significant development work and/or
new instrumentation the favorable ratio is reduced as
size decreases because development and instrumentation
costs can vary less than linearly with size.
FIG.

Absolute en

ergy savings attributable to productivity gains generally

14 DATA VALUES PER AIR-ON HOUR TREND
IN PW T AND ETF
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suffer from low visibility because of the continual

5.

Schepers, H. J.

"Heat Transfer Investigation of

growth in information requirements within a given test

Axisymmetric Bodies at Hypersonic Speeds by Means

program plus the normal tendency to perform more

of Infrared Measurement. " DLR-Mitt-71-19,

tests as the total available test time remains constant.

October 1971.

Since productivity improvement also parallels new tech

6.

"Convective Heating Measurement

by Means of an Infrared Camera. " NASA TMX-2507,

nique development and increases in accuracy, all of

February 1972.

which go toward keeping old facilities modern at modest
7.

cost, it is not surprising that limited capital funds gen
erally gravitate in this direction.

Compton, D. L.

Bynum, D. S. , Hube, F. K . , Key, C. M ., and
Dyer, P. M.

The high degree of

"Measurement and Mapping of A ero

dynamic Heating in VKF Tunnel B with an Infrared

energy cost effectiveness is providing further impetus.

Camera. " AEDC-TR-76-54 (to be published).
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ENERGY CONVERSION EFFICIENCY VERSUS
ENERGY UTILIZATION EFFECTIVENESS
Yildirim Omurtag and Donald A. Cline
Engineering Management Department
University of Missouri, Rolla

Abstract
This paper provides a brief outline of thermodynamics of energy con
version and efficiency concepts to establish a basis for the follow
ing argument that energy conversion is essentially a technical prob
lem to be solved within the constraints of available technological
know-how, whereas energy use effectiveness is largely a management
problem which requires a somewhat different approach. An attempt is
made to show that significant economic contributions can be made by
improved management of energy use within the existing technological
boundaries.
1. INTRODUCTION

utilization of vast and hence, cheap re
serves of energy resources and their sub

Basic to any form of activity, including
life itself, is a suitable supply of

sequent transformation into ample supplies

energy.

of energy suited to industrial, commer

The common denominator for the

digestive process of an amoeba and placing

cial, and residential processes follows a

a weather satellite in earth orbit or

growth closely paralleling the rise in

every process in between is the energy re

average, per capita Gross National Pro

quirement.

duct. (1)

Specifically, the location and

Furthermore, it is no accident

effective utilization of key resources,

that the world's leading producer and con

transforming them into an energy supply

sumer of energy also possessed a per cap

suited to the demands of the process more
clearly defines this common denominator of

ita GNP that remained unsurpassed for many
decades.

the need for energy.

The sudden, albeit predicted, shift to an

An equally basic fundamental has been the

energy supply that is neither inexpensive

strong correlation between the development

nor abundant poses serious questions.

of an inexpensive, abundant energy supply

the U.S. living standard continue to rise

Can

and the rising standard of living in the

if our rate of energy use must slow down

United States.

or even level off?

The development and

Will the soaring cost

of energy, so long a minimal budget item,
404

stifle capital investments, construction,

process, and the nature of the closed sys

and expansion?

tem.

Of ultimate concern, how

ever, is the dilemma of survival itself.

Not only is the First Law applicable to

How can we survive the short-run expenses
and shortages while awaiting the realiza
tion of the long-term solutions?

This

paper will attempt to show that improved

simple adiabatic processes such as those
which involve a paddlewheel or electrical
work in a closed system, but it may also
be applied to systems which experience

energy auditing techniques coupled with
effective energy management methods can

electromagnetic, surface tension, shear,
and gravitational field effects.

lead directly to significant increases in

In an ex

panded formulation, closed systems undergo
ing heat interactions as well as work

energy use effectiveness, thereby control
ling the short-run expenses and minimizing

interactions are brought within its scope.

the adverse effects of supply shortages.

Finally, the First Law can be extended to

The principal concepts of energy conver

open systems as well, where mass transfer

sion thermodynamics will be explored to

is permitted across the system boundaries.

serve as both a brief review and as a

The first law places no restrictions on the

basis for illustration of energy manage

direction of the heat and the work.

ment possibilities which will be presented
later.

A

cycle in which a given amount of heat is

Also, since energy conversion pro

transferred from the system and an equal

cesses must obey the laws of thermodynam

amount of work is done on the system satis

ics, a thorough comprehension of the im

fies the first law just as well as does a

plications of those laws will aid in es

cycle in which the heat and work directions

tablishing the limits of current energy

are reversed.

resource conversion technology.

However, experience shows

that this does not necessarily work, and

2. THE ROLE OF THERMODYNAMICS

this type of experimental evidence forms

great Importance in all energy transforma

the basis of the second law of thermodynam
ics .

tions since it predicts the perfection of

The second law says that no engine, actual

the processes which cause the transforma

or ideal, can completely and continuously

The First Law of Thermodynamics is of

tions.

In other words, it is extremely

transform all of the heat added to its

valuable because of the necessity of pro

working substance into work. (3)

ducing the maximum amount of useful work

other forms of the second law are given in

and of conserving this work once it is

statements by Clausius, Kelvin, and Reeve,

produced.

but all are related to the above and all

is:

One statement of this postulate

When a closed system is altered adia-

Several

indicate the "road block" which exists when

batically, the work is the same for all

attempting the complete conversion of heat

possible paths which connect two given

into work in any heat engine. (4)

equilibrium states. (2)

Stated another

The implicative concepts of the second law

way, the value of the work carried out,

are difficult to combine into a simple,

on, or by a closed adiabatic system is

all-inclusive statement.

dependent solely upon the end states of
the process.

In general, how

ever, the second law states that heat is a

This postulate is made re

low-grade form of energy; that is, it can

gardless of the type of work interaction

not be completely converted to some other

involved in the process, the type of

forms.
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The temperature at which heat is

added is a measure of the possible degree

(2) an adiabatic process in which the

of its conversion into work.

temperature of the working fluid is de

Heat tends

to gravitate to a lower temperature plane,

creased to the low temperature, (3) an iso

resulting in a decreased possibility of

thermal process where heat transfer to low

its transformation into work.

temperature reservoir occurs, (4) an adia

Heat can

never, of its own accord, flow to a higher

batic increase of the temperature of the

level of temperature.

working fluid to the high temperature.

Finally, the maxi

mum proportion of heat may be converted

Such an engine represents the theoretically

into work when the unused heat is rejected

most efficient engine and serves as the ul

at the lowest naturally available tempera

timate development goal for cyclic engines.

ture.

(

Thus, it is impossible to construct

a heat pump that operates without an input

6)

In actual practice the Carnot Cycle is

of work and it is impossible to build a

difficult to approximate.

Thus, a vapor

heat engine with a thermal efficiency of

cycle which is much easier to use as a

100 percent.

model for performance is the Rankine cycle.

The French engineer, Sadi Carnot, was

In fact, it is merely a modification of the

among the first to appreciate the limita

Carnot Cycle using steam as its working

tion that "heat cannot perform work except

fluid.

Obviously, the Rankine cycle will

when it passes from a higher to a lower

have a lower efficiency than a Carnot cycle

temperature level." (5)

with the same maximum and minimum tempera

He pointed out

that the amount of heat thus converted

tures.

into work was proportional to the differ

tical problems of the Carnot cycle, the

ence between the temperatures at which

Rankine cycle finds wide application in the

heat was supplied and rejected.

Nevertheless, because of the prac

electrical utility industry.

Since the

The steam

purpose of any heat engine is to convert

power plants operate on essentially this

into work as much as possible of the heat

same basic cycle, whether the input energy

supplied to the working substance, it

is from the combustion of fossil fuels or

would be to our advantage for several

from the fission process in a nuclear re

reasons to know this theoretical maximum

actor .

amount.

3. ENERGY USE CONSIDERATIONS

This concept of limitation is expressed as

The thermal efficiency of a modern fossil

the thermal efficiency of a heat engine

fuel plant is around 40 percent and that

and may be defined as the net work done by

of a nuclear plant around 30 percent.

an engine divided by the heat supplied to
its working substance by the hot body.

Carnot cycle efficiency at about 1000°F is

If

around 60 percent assuming that the con

the thermal efficiency idea is applied to

denser operates at about 100°F.

a power cycle in which every process is

Thus in a

steam power plant about 55 percent of the

reversible therefore making the cycle re

energy released by the combustion of fos

versible also, then the highest efficiency

sil fuels is dissipated by the condenser

it can achieve is the Carnot Efficiency.

by circulating cold water through pipes in

The reversible cycle consisting of the

the condenser chamber.

following processes is called a Carnot

Common sources of

cooling water include the oceans, rivers,

Cycle: (1) an isothermal process in which

lakes, ponds and cooling towers.

heat is transferred from the high temp

Thus,

proportionately more energy is returned to

erature reservoir to the working fluid,

heat the oceans, lakes, rivers or the
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atmosphere than that which is used to gen

over a wide spectrum, from strict Federal

erate power when one unit oi fossil fuel

regulations to simply shutting off a device

is burned in the combustion chamber of a

when not in use.

modern boiler.

energy management methods can be produc

It is interesting to note

However, before effective

therefore that the waste heat is really

tive, a full understanding of exactly how

the main product of such a power plant and

the supply of energy is used must be

the power generated is only a by-product.

gained.

This is done through what is now

This point dramatizes the previous nature

commonly referred to as the energy audits.

of every unit of energy available to do

The U.S. Department of Commerce in coopera

useful work for us.

tion with the Federal Energy Administra

Similarly it should

be noted that an automobile engine with a

tion have developed a program guide for in

compression ratio of eight, operating on

dustry and commerce on energy conservation.

an ideal gas power cycle called the Otto

It describes and clearly illustrates the

cycle will have an ideal thermal efficien

steps necessary in implementing a success

cy of about 56 percent.

ful energy conservation program.

The actual per

According

formance levels are of course much lower

to the guide the following steps are to be

when the mechanical inefficiencies are

taken by a company: (7)
(1) Obtain top management commitment and

also considered.

set company goals

Thus we are led to the realization that

(2) Survey energy uses

useful work obtained from the combustion

(3) Take action to save energy

of precious fossil fuels is only a small

(4) Monitor programs and develop contin

fraction of the total energy released and

uing effort
In addition, the program guide provides

that this is inevitable as expressed by
the laws of thermodynamics.

Therefore,

examples of energy-saving ideas with calcu

technological and natural limitations com

lations of possible savings from their im

bine to prevent significant improvements

plementation.

in energy efficiency and hence, our avail

A listing of data and useful

conversion factors pertinent to energy con

able energy supply.

servation, a set of financial evaluation

Here one may consider the solution to lie

procedures, sources of assistance in energy

in discovering new sources of energy and

problems and many other useful information

developing the requisite technologies to

is also included.

exploit them for the use of mankind.

obtainable on the subject of energy con

is certainly a worthy objective.

This

However,

Many other documents are

servation through FEA sources.

State agen

no one can predict when and at what cost

cies such as Missouri Energy Agency, UMR-

these new means will become available.

MEC have also begun to provide leadership

This does not mean that such research

in disseminating much needed information

should not be continued with increased

among interested parties. (8) (9)

vigor.

Obviously, it should.

The point

In 1975 Johns-Manville Corporation con

is that we need to act now to conserve

ducted energy surveys for the Federal

what we have in terms of our energy re

Energy Administration (FEA) in bakeries

sources by improving the effectiveness of

and meat packing industries.

their use.

The overall

program is described in three categories-4. ENERGY MANAGEMENT

measurement, method improvement, and com
munications.

The techniques of energy management range
407

The energy audits were

conducted in these highly energy intensive

resources.

industries as typical examples of what can

that significant economic contributions

An attempt is made to show

be accomplished in conservation of energy.

can be made by improved management of

It was shown that average savings of 12-40

energy use within the existing technolog

percent in energy consumption as measured

ical boundaries.

in BTUs with a corresponding dollar sav
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SOLAR ENERGY UTILIZATION
AND RESOURCE RECOVERY APPLICATION
IN SPACE HEATING
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Abstract
This paper describes a hybrid system consisting of solar flat plate collectors
and resource recovery system which is being proposed for space heating of a
moderate sized building. The procedure for calculating the size of the solar
system is outlined. Methane produced from the university's wastewater treat
ment plant is used for supplementary heat for space heating and for waste re
duction. The use of such a hybrid system results in the conservation of sig
nificant amounts of fossil fuels. Economics of the proposed system are also
outlined.
1.

heating oil amounts to nineteen thousand gallons.

INTRODUCTION

Conservation of non-renewable fuels (fossil
fuels) is one of the primary goals of the whole
technological world at the present. Savings
could be achieved in three ways: (1) by using,
where economically feasible, solar, wind, tidal
and other unconventional forms of energy, (2) by
efficient utilization and conservation of con
ventional forms, and (3) by combination of the
above ways. It has been demonstrated by pilot
projects, [1,2] that space heating of public
buildings (i.e., school buildings) could be done
by solar energy. The flat plate solar collector
technology has reached a point where public
buildings could be economically heated and/or
cooled using solar energy, thus conserving fossil
fuels and reducing pollution.

The design outlined is divided into two parts.
The first part describes the procedure used in
calculating the size of the flat plate solar col
lector using local climatological and solar radi
ation data. The second part is concerned with
resource recovery in the form of methane produc
tion at the university's Waste Water Treatment
Plant. The present design also shows that the
excess heat from the solar collectors (i.e., when
the heating load is low) can be used to maintain
the digestor temperature and thus conserve the
part of methane gas which is normally used for
this purpose.
Cost analysis for the hybrid systems as well as
cost comparison with conventional forms of energy
are also presented.

This paper presents the procedure for the design
of a unique hybrid system composed of a solar
energy collection system and a resource recovery
system for the space heating of a fourteen thou
sand square foot classroom/laboratory building.
The building used as a model Is the Environmental
Resources Training Center (ERTC). The cost of
the entire system using current prices is esti
mated at sixty thousand dollars. The average
annual energy conserved is of the order of four
hundred and forty million BTU, which in terms of

2.

DESIGN

The design is based on long term average values
for space heating, solar insolation and methane
production. In order to determine the size of
the collector, first the average space heating
requirements for the building are computed.
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2.1

SPACE HEATING LOAD CALCULATION
H =

The space heating load for each month Is calcu
lated using the degree-day method which is a
quasi steady state "energy per unit temperature
difference" model. This method involves the cal
culation of the building loss factor UA given in
BTU/hr°F as described by ASHRAE Handbook of Fun
damentals [3] and Mechanical Engineers Handbook
[4]. The monthly total degree days for the St.
Louis area were obtained from the ASHRAE Systems
Handbook [5] or from NOAA Climatological Summary
[6]. The monthly heating load is then computed
by the following expression:
Qs = (PF) (UA) (24) (Degree Days)
(1)
where,
PF - is a constant to account for internal
energy generation.

n - no. of years of data for the month
considered.
m = l Td
Tj =

(The sum of the daily sunshine
hours in a given month).
cos~4 (-tan <t> tan S)

(4)
(5)

<
t> - Latitude angle - degrees

6 - Solar declination for a given day of the
year, degrees

PF = 0.80 (assumed).
The computed monthly heating load for the envi
ronmental Resources Training Center (ERTC)
Building is given in Table 1.

S = 23.45 Sin [360

365

k ]

(6)

k - day of the year.
The average incident radiation on a tilted sur
face, H^,, can be expressed as follows [12]:

INCIDENT SOLAR ENERGY

For the present design purposes it is sufficient
to use the long term average monthly insolation
values. Solar radiation data, unfortunately, is
available only for about eighty locations in the
United States and Canada [7]. Whenever long
term local data are not available, data (i.e.,
long term monthly averages) from a solar radia
tion monitoring station located at approximately
the same latitude, with similar climatic condi
tions and elevation could be used as a very good
approximation. Solar radiation maps offer an
other source for calculation of approximate
values of long term solar radiation [8]. Final
ly, the mean daily solar radiation can be esti
mated using the solar constant and the climatic
conditions as outlined in Solar Energy Thermal
Processes [9].

Ht = HbRb + Hd(l + cos s)/2 +
p (Hb + Hd) (1-cos s)/2

(7)

where Hb and Hd are respectively the rates of
beam and diffuse radiation incident on a horizon
tal surface.
Rb - is the ratio of beam radiation on a
tilted surface to that on a horizontal
surface.
R _ cos (6-s) cos <S cos m+sin(6~s) sin6
b
cos i cos 6 bos m+sin «S sin 6

,g.

Where,
s - slope angle, degrees

The monthly average incident radiation on a
tilted surface per unit area can be calculated
by equation (2) when the daily average insola
tion for a given month on a horizontal surface
is known or obtained by one of the three methods
mentioned above.
H„ = (R Hav) (No . of days in the
T
month)

(3)

where,
m - no. of sunshine hours expected in a
given month.

UA = 5143 BTU/hr°F for the ERTC Building

2.2

m
n
2 [T I H ]
m
i

(o - hour angle, degrees [3]
p - ground reflectance
i and 6 are same as before.

Liu and Jordan [10] suggest that p should be 0.2
when there is no snow and 0.7 when there is snow
cover. Hj could be calculated by the following
expression [13].

(2)

Where,
H^v - average daily radiation on a
horizontal surface given in
BTU/(hr) (sq. ft.).

0 - Solar altitude angle - degrees and

R = H/H

Sin 0 = Sin & Sin 6 + cos & cos 6 cos oo (10)

^

Hd = 1.78 + 1.070 + 6.7 cc

- Rat i o of daily a v e r a g e
radiation incident (beam +
diffuse) on a tilted surface
to that on a horizontal
surface [10] [11].

(9)

cc - Cloud cover (cc = 0 indicates clear sky,
cc = 10 indicates the sky is fully
covered with clouds) (Local climatolog
ical data gives the sky cover condi
tions)
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Then,
Hb = H - Hd

(11)

where H is the measured or estimated rate of radi
ation on a horizontal surface (data provided by
the solar radiation monitoring stations). There
fore, Hrp could be evaluated analytically if prop
er data is available.
2.3 USEFUL ENERGY COLLECTED BY THE FLAT-PLATE
COLLECTOR

storage, cost of collector, and cost of storage of
solar energy should be made in order to arrive at
the optimum size.
Another factor considered in the determination of
the collector size is the long term overall ef
ficiency of the entire system consisting of the
collector, energy storage device, heat exchangers,
etc, A figure between thirty and thirty five per
cent seems to be appropriate [11],- .
Assuming the overall efficiency to be thirty five
percent, a collector area of three thousand square
feet meets about thirty five percent of the heat
ing demand during the month of January. Table 3
shows the month by month heating load, the load
supplied by solar energy and.the deficit to be
supplied by the methane.

The Hottel and Whillier [14] equation given by
equation (12) could be used to evaluate the
energy collected per unit area with proper as
sumptions regarding energy loss per unit area,
UR> and collector fluid capacitance rate per unit
area, GCp.
% = Fr [(toO Ht - UL (Tt - Ta)]

(12)

2,5 AUXILIARY HEAT CALCULATIONS

Fr = | *

(13)

Auxiliary heat will be provided by burning methane
produced by anaerobic digestion of sludge.

L

U -

- p( ^ ) ' ]

p

Tj - Temperature of the fluid at the
Collector inlet, °F

The University's Waste Water Treatment Plant is
equipped with two anaerobic digestors. Each
digestor is 40 ft. in diameter and 23 ft. high,
it slopes 5 ft. down to a central sludge with
drawal pipe and rises 3 ft. to a central insu
lated floating gas dome. Currently only one of
the two digestors is in operation.

Tg - Ambient temperature, °F
(ra) - product of cover transmittance and
the plate absorptance accounting for
dirt and shading.

Sludges from the primary sedimentation and the
activated sludge processes are concentrated to
about 2.5% solids and pumped into the digestor.
The monthly sludge input and the corresponding
methane production are shown in Table 4.

The collector geometry efficiency factor F', a
function of the collector construction, can be
determined in the manner given by Bliss [15] or
Whillier [7]. The loss coefficient per unit area
UR can be calculated following the basic proce
dure of the Hottel and Woertz [16].

The amount of methane produced was calculated
as follows:

Ideally UR should be measured under expected
climatic conditions with a prototype-collector.
In the present case with two cover plates and an
inlet temperature of 1401F, U, was calculated to
he 0.67 BTU/(hr)(°F)(ft2).
Table 2 has the long term average values for each
month of the year of H , H, R, and H„. (The
collector is assumed tilted at an angle of 53°
(lat + 15°)).

a.

The composition of gas produced during
anaerobic digestion was considered to be
72% methane and 28% other gases, almost
entirely carbon dioxide.

b.

1 lb. of volatile matter destroyed pro
duces 1.25 lb. of gas.

c.

1 cu. ft. methane = 0.0446 lb.
1 cu. ft. carbon dioxide = 0.1225 lb.

2.4 OVERALL COLLECTOR SIZE

I
The maximum heating load occurs during the month
of January. If the solar collector is being de
signed to make the building energy independent
then one would choose the collector area so as to
meet the heating load for the month of January.
A collector designed for maximum load will not
be used effectively during the remaining eleven
months if there is no means for using or storing
the excess heat energy. In the present case,
since an auxiliary source of heat is available,
the collector area was chosen so as to meet about
forty percent of the average heating demand for
the month of January. Ideally, for a hybrid
system such as the one proposed herein, a cost
analysis taking into account the cost of methane

Then gas produced/day, cu. ft. =
1.25 X lbs, of volatile matter destroyed/day
0.72 X 0.0446 + 0.28 X 0.1125
(14)
Tests conducted at the Environmental Engineering
Laboratory, SIU-E indicated that the mixed sludge
pumped to the digestor contains on the average
80% volatile solids. For lack of better infor
mation it was assumed that 67% of the volatile
solids was destroyed during digestion [17] to
produce methane.
The amount of sensible heat produced from burn
ing methane is considered to be 50% of the net
heat (i.e., considering 50% efficiency of the
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the heat engines).

5.

The heat requirements of the digestor are:

[1] ,

Solar Energy School Heating Augmentation
Experiment, NSF-RA-N-74-019,InterTechnology
Corporation, Warrington, Virginia 22186.

[2] .

Solar Heating, Proof-of-Concept Experiment,
NSF-RA-N-74-119, Honeywell Inc., Minnea
polis, Minnesota 55413.

a. Maintainance of the digestor at constant
temperature, 96-98°F.
b.

Compensation for heat losses to earth.

c.

Compensation for heat losses to. air.
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TABLE 1

MONTH

DEGREE DAYS

BTU/MONTH
X 10°

January

1083

106.9

February

804

79.4

March

539

53.23

April

253

24.98

May

103

10.17

June

10

0.98

July

0

0.0

August

0

0.0

35

3.45

October

242

23.90

November

625

61.72

December

954

94.21

September

TOTAL

458.94

R

b ¥u
(Month) (J
X 103

TABLE 2
MONTH

hav

BTU
(Day)(ft2)

H
BTU
(Day)(ft2)

January

651

1139

1.75

35.3

February

941

1487

1.58

41.6

March

1315

1578

1.20

48.9

April

1631

1566

0.96

47.0

May

2000

1640

0.82

50.8

June

2129

1618

0.76

48.5

July

2149

1676

0.78

52.0

August

1953

1758

0.90

54.5

September

1689

1909

1.13

57.3

October

1202

1755

1.46

54.4

November

840

1436

1.71

43.1

December

590

1109

1.88

34.4
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TABLE 3

EXCESS OR DEFICIT
BTU X 106

HEATING LOAD
BTU X 106

AVAILABLE SOLAR
HEAT BTU X 106

January

106.9

37.07

-69.83

February

79.4

43.68

-35.72

March

53.23

51.34

- 1.89

April

24.98

49.35

24.37

May

10.17

53.34

43.17

June

0.98

50.93

49.95

July

0.0

54.6

54.6

August

0.0

57.23

57.23

September

3.45

60.17

56.72

October

23.90

57.12

33.22

November

61.72

45.26

-16.46

December

94.21

36.12

-58.09

MONTH

TABLE 4
METHANE
105CU. FT

PRIMARY SLUDGE
103 GALLONS

ACT. SLUDGE
103 GALLONS

TOTAL SLUDGE
105 LB.

January

45.1

164.5

17.67

3.36

February

52.8

136.3

14.62

2.78

March

36.6

97.2

11.28

2.14

April

46.2

132

15.0

2.85

May

50.3

112.1

13.7

2.60

June

33.8

70.3

July

47.5

109.0

August

39.3

66.8

September

34.8

' 73.5

91.3

1.73

October

51.2

170.1

18.7

3.55

November

48.0

147.0

16.44

3.12

December

34.1

96.1

11.0

2.09

MONTH
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8.69
12.7
8.89

1.65
2.41
1.69

TABLE 5

DIGESTOR HEAT
REQUIREMENTS
106 BTU

SENSIBLE HEAT
PRODUCED
106 BTU

HEAT
AVAILABLE FOR
SPACE HEATING
106 BTU

January

97.0

161.0

64.0

February

80.6

133.4

52.8

March

69.3

102.7

33.4

April

73.4

136.8

63.4

May

68.5

124.8

56.3

June

49.3

79.2

29.9

July

56.7

115.7

59.0

August

46.6

81.1

34.5

September

49.2

83.1

33.9

October

78.1

170.4

92.3

November

78.0

149.8

71.8

December

68.2

100.3

32.1

MONTH

TABLE 6
EXCESS OR
DEFICIT
BTU X 106

HEATING LOAD
BTU X 106

SOLAR HEAT
AVAILABLE
BTU X 106

AUX. HEAT
AVAILABLE
BTU X 106

January

106.9

37.07

64.0

- 5.83

February

79.4

43.68

52.8

17.08

March

53.23

51.34

33.4

31.51

April

24.98

49.35

63.4

87.77

May

10.17

53.34

56.3

99.47

June

0.98

50.93

29.9

79.85

July

0.0

54.6

59.0

113.60

August

0.0

57.23

34.5

91.73

September

3.45

60.17

33.9

90.62

October

23.90

57.12

92.3

125.52

November

61.72

45.26

71.8

55.34

December

94.21

36.12

32.1

-26.00

MONTH
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TABLE 7

ITEM

UNIT COST

COST

Collector Panel

$1.60/sq. ft.

Frame (2 by 4)

$1.50/8 ft.

450.00

Back Cover (Plywood)

$8.80/32 sq. ft.

880.00

Top Covers (2 plastic
covers)

$0.50/sq. ft.

$4,800.00

3.200.00

Caulking and Nails

480.00

Insulation

600.00

Fabrication

9.000. 00

Storage Tank and Pad

9.500.00

Supporting Structure
(for collectors)

6 .0 0 0 .

00

Control System &
Instrumentation

10 ,000.00

Plumbing (Material and Labor)

10 ,000.00

5.400.00

Antifreeze
TOTAL

6.

$60,310.00
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DESIGN OF A LARGE SOLAR HEATING SYSTEM
FOR
A CAMPUS COMPLEX OF BUILDINGS

John R. Schneider and Sherril F. Glover
Sverdrup & Parcel and Associates, Inc.
St. Louis, Missouri

Abstract
The design program is presented describing the world's largest
central solar heating system developed for the Saudi Arabian
Government.
Domestic hot water and building space heating is
provided for a campus complex of fourteen buildings. Feasibility
studies through the final design are discussed.
1.

INTRODUCTION

monitoring its construction, and in
initial checkout and operation (per
Sverdrup & Parcel-furnished operation
and maintenance manuals) will complement
the knowledge from the various ERDA
systems.

In July of 1975, Sverdrup & Parcel was
commissioned by the Army Corps of Engi
neers to design an Airborne and Physical
Training School for the Saudi Arabian
government in TABUK. This included all
architectural and engineering design
beginning with the 800 by 1500 feet site
plan to the detail design of each of the
fourteen buildings as shown in Figure 1.
The design, including a solar heating
system, will be completed on October 27,
1976, and construction will begin in
early 1977.

This design program is presented in a
chronological sequence. This paper
describes the feasibility of solar
heating, the passive design requirements
necessary to make solar heating more
economical, and the active solar heating
system design.
2.

FEASIBILITY OF SOLAR HEATING

Since the climatic conditions in Tabuk
are similar to some of the arid areas of
the southwestern United States, the
potential use of solar energy looked
favorable.
In accordance with the
system design requirements of high
reliability, good maintainability, and
cost effectiveness, solar powered air
conditioning was not considered.

The feasibility of collecting solar heat
and using it in a cost effective manner
is dependent primarily on two factors.
These factors are the solar heating
potential at the application site, and
the heat load requirements that are to
be satisfied.

The above design requirements and the
fact that the application site is in a
foreign land 4,000 miles from the United
States, dictated that the solar system
be a practical design with a straight
forward, well-defined sequence of opera
tion. In other words, this project
could not afford the experimental or
developmental objectives of an ERDA
demonstration system. We believe that
the knowledge obtained in designing this
more practical production system, in

The solar heating potential in Tabuk is
high for two reasons.
First, the sky is
quite transparent with a sky clearness
number of 0.96 and a resulting insola
tion of 335 Btu/SF/ HR. (1) This is a
maximum at solar noon in the wintertime.
Secondly, the duration of heavy solar
obscuration, primarily by dust clouds,
is less than five percent of the time on
an annual basis. Thus, the potential for
solar heating is about the best in the
world.
418

FIGURE 1
AIRBORNE AND PHYSICAL TRAINING SCHOOL
KING ABDUL AZIZ MILITARY CANTONMENT
TABUK SAUDI ARABIA

building designs, and the proper layout
and insulation of the solar heating
system components. Integration of these
requirements early in the program was
important to obtain a cost-effective
solar heating system. The roof of the
large field house was designed to sup
port and locate all of the 47,000 square
feet of solar collectors in a single
area to accommodate the centralized
solar system. The field house faces due
south, the optimum orientation for
maximum collection of solar heat. The
architecturally-attractive pylons sup
porting the field house roof provided
idea containment for the storage tanks
in close proximity to the collectors and
the utility tunnel used to supply the
solar-heated water to each building.

The design heat loads are 36,000 gallons
per day of domestic hot water, and a
winter time building space heat load.
This space heat load is about the same
size as the domestic hot water load on
an annual bais. The 36,000 gallons per
day of hot water is a constant year
around requirement whereby 70 F well
water is heated to the 140 F delivery
temperature. This quantity of water
would supply about 400 American homes.
The delivery temperature requirement of
the building space heating water is 120
F with a return temperature between 90
and 100 F.
The high heating potential makes it
feasible to supply all of the yeararound domestic hot water load and a
significant portion of the space heating
load. A feasibility study supporting
this conclusion was presented, and the
client requested a solar heating system

The architectural design of the building
complex, in addition to being attrac
tive, also includes a number of energy
efficient features, both from the heat
ing and cooling point of view. The
lower levels of many of the buildings
are below grade. All windows are double
pane with a highly reflective bronze
glazing. When large area windows were
desired, such as in the headquarters
building adjacent to the field house as

design.

3.

PASSIVE DESIGN REQUIREMENTS

The passive design requirements are
satisfied by proper orientation of the
site plan and layout of the buildings as
shown in Figure 2, energy-efficient
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grouped in modules of three. The three
collectors are piped and arranged end to
end in series up the incline roof. This
is shown most clearly in the right
foreground of Figure 3.

FIGURE 2

LAYOUT OF AIRBORNE AND PHYSICAL TRAINING SCHOOL
1------- ---- 1

r--- 1

Each roof panel supports 72 threecollector modules connected in parallel
to common manifolds at the top and
bottom of each panel. This arrangement
minimizes the amount of manifolding
required for the 2592 collectors. The
footage of piping in the distribution
system is minimized also by the effi
cient arrangement of the collectors, the
storage tanks, and the utility tunnels,
in relation to all the buildings.

Field House

Domestic

Bldg Heating

[oooj

ioool

Just as it was important to insulate the
buildings to minimize heat losses, it
was important to insulate all hot com
ponents of the solar system. Primarily
this includes the piping, the storage
tanks and the heat exchangers. The
insulation thicknesses on all these
components were cost-justified by com
paring the cost of extra insulation to
the corresponding savings due to less
heat loss.
4.
Community
Center

SYSTEM DESIGN

The system design requirements are high
reliability and maintainability, ease of
construction, adequate thermal per
formance, cost effectiveness, and a 20year design life. These requirements
are discussed in general in this section
and in more detail in the following
sections.
High reliability and main
tainability were achieved by the use of
fewer active components, the use of
standby and multiple units, and exten
sive use of conventional components.

shown in Figure 1, they were placed on
the north side of the building to mini
mize summer heat gains.
In most of the
buildings, the glass area is minimal.
The south exposed windows are recessed
and equipped with overhanging structure
to provide natural shading in the sum
mer. The larger heat losses present
during windy weather is also minimized
by the recessed window design.

The use of conventional components con
tributed greatly to constructability.
When nonconventional components were
necessary, the designs were carefully
documented. Thermal performance was
often a trade off with most of the other
design requirements. Trading a small
increment of system capacity for a
simpler system was a typical exercise
resulting in a cost effective design
with a 20-year life expectancy.

The buildings that are solar heated have
a total floor space of 325,000 square
feet and are equipped with above stan
dard insulation in the roof and walls.
This insulation in conjunction with the
low area, double pane windows, allows
most of the buildings to meet ASHRAE
Standard 90-75,(2)
A bird's-eye view of the 300 by 400 foot
field house roof (about the size of
three football fields) is shown in
Figure 3. The folded-plate design pro
vides twelve south-facing roof panels
where the collectors are attached dir
ectly to the roof at an inclination
angle of 45 degrees. This roof angle is
optimum for maximum winter-time collec
tor capacity when both domestic hot
water and building space heating are
required. All of the collectors are

The above design requirements are re
flected in the following detailed
discussion of the system design, func
tion, and sequence of operations.
4.1

ALTERNATE SYSTEM DESIGNS

Three alternate systems were designed
and presented to the client. The cost
and pay back, relative to the portion of
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FIGURE 3
SOLAR COLLECTORS ON FIELD HOUSE ROOF

heat load supplied, were determined for
each of the following alternates:
(1)

Year-around domestic hot
water, only

(2)

Domestic hot water and as much
of the building heat load that
could be supplied, if the
field house roof were filled
to capacity with collectors

(3)

Domestic hot water and total

After reviewing the various collector
designs on the market, it was found that
four basic designs were available that
would meet the mechanical and thermal
performance requirements of the Saudi
application. These four design cate
gories include (a) a selective absorber
plate surface with single or double
glass covers, and (b) a nonselective
absorber plate surface with single or
double glass covers. To establish a
standard performance level for each of
the above four collector categories, it
was necessary for Sverdrup & Parcel
engineers to develop a computer program
that would calculate transient daily
performance as a function of the thermal
properties of the collector components.
(3)
The thermal properties of the more
promising collectors in each of the four
categories were obtained, and a set of
mean thermal properties was established
for each category. Through the use of
these properties and the above computer
program, a standard performance level
was established for each category, as
shown graphically in Figure 4.

building load
The first two systems are reasonably
cost effective while the third is very
expensive.
However, the combination was
useful in presenting the broad picture
to the client. S&P recommended system
(2 ), and the client approved it.
Having established the maximum collector
area, the capacity of the system was
then a function of the performance of
the selected collector. This step in
the design program is described in the
following section.
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4 .3

FIGURE 4
STANDARD
CO LLECTO R PERFO RM AN CE

SYSTEM

DESCRIPTION

The simplified flow schematic introduces
the solar system as shown in Figure 5.
Additional illustrations will be used to
explain the various features in more
detail. The collectors shown in Figure
5 transfer the solar heat into the
collector circuit water. This water is
normally pumped to one of the two para
llel heat exchangers, one at a time, via
the corresponding flow control valve,
FV1 or FV2. The solar heat is trans
ferred to one of the storage circuits,
either domestic hot water or building
heating water, where it is stored in the
tanks. From the tanks the hot water is
distributed to the various buildings as
needed.
Flow control valve FV3 is
opened occasionally to allow continuous
heat removal from the collector circuit
via the surplus heat release radiator,
to the atmosphere. This occurs when
both storage facilities are filled to
capacity or when the collected water
exceeds the upper temperature limit.
Continuous heat removal is necessary
during significant insolation periods to
prevent excessive water vapor pressure
buildup in the collector circuit.

Mean Fluid Temp.—°F

FIGURE 5
S IM P L IF IE D F L O W S C H E M A T IC
S O L A R H E A T IN G S Y S T E M

It may be noted in Figure 4 that the
collector with a selective surface and a
single glass cover collects more heat
than the same collector with double
glass covers in the applicable tempera
ture range. The mean temperature range
necessary to supply heat for the re
quired loads is 120 to 135 F, as shown
by the vertical dash lines.
In con
trast, the nonselective surface collec
tor is more efficient when used with the
double glass covers. The final conten
ders were (1 ) a selective surface with a
single glass cover, and (2 ) a nonselec
tive surface with double glass covers.
A chromium oxide selective surface was
found to be cost effective when compared
to the nonselective black paints, espec
ially in the quantity this system
requires. The extra cost of the selec
tive surface is approximately the same
as the extra glass cover in the non
selective collector. The costs, then,
of the two collectors are about the
same, and the selective surface col
lector has a 30 percent higher daily
capacity. Therefore, the collector
design category with a selective surface
absorber plate and a single glass cover
was selected for this program.
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The unique feature of this system is the
stratified storage in the series con
nected, 45-foot tall upright tanks. The
water remains well stratified--the hot
water on the top and the cold on the
bottom--in the effective three-tank
height of 135 feet. Note that the hot
water is always added or removed from
storage on the right hand side, and vice
versa for the cold water on the left
hand side. No control valves are used
to divert hot water directly to any of
the three tanks, as is often the case in
a typical system. Also, note the larger
than typical temperature differences of
the water on each side of the heat ex
changers. These A T 's are nominally 75 F
and 35 to 40 F, respectively, at the
domestic hot water and building hot
water heat exchangers, and thus through
the collectors. These A T 's are large
compared to a typical system AT of 10 to
15 F. Thus, the required flow rates in
the collector and storage circuit are
smaller. This results in lower pumping
power.

FIGURES
D O M E S T IC W A T E R H E A T IN G A N D S T O R A G E

The stratified storage is advantageous
in that the 140 F required hot water can
be used simultaneously while being
collected during the day time, and 80%
to 90% of the hot water stored can be
used the following night before the
temperature drops below the requirement
of 140 F.
This system with the stratified storage
feature is significantly more efficient
than a single mixed tank system which
also would be controlled to deliver 140
F water at all times. Both systems were
modeled on a Solar System Computer
Program, which showed an 11 percent
higher capacity for the stratified
system. (4)

sized for a single day's supply of hot
water since insolation is very depend
able on an everyday basis. Temperature
sensors are equally spaced at five
vertical locations in the wall of each
tank and designated as TE10-1 to -15.
These sensors indicate the amounts of
hot and cold water.

In general, the stratified storage
feature with fewer flow diverting valves
and the lower pumping power requirement
results in a simple, reliable system
which is thermally efficient and cost
effecti ve.
4.3.1

The sequence of operation is controlled
to provide first priority to heating
domestic hot water each day, since the
collectors operate at a more efficient
temperature in this mode. The collector
pump is automatically turned on in the
morning when the collector temperature
TE1 reaches 165 F. When the temperature
at the inlet of the heat exchangers
reaches 155 F, the collector circuit
flow is modulated via TV1 to maintain
155 F at TE3. Simultaneously, the
storage pump is turned on and the flow
is modulated via TV2 to maintain 145 F
at TE5. This mode of operation will
continue until the preselected tank
sensor, for example TE10-13, senses a
temperature of 120 F. This provides a
signal to switch the collector circuit
to the building heating water storage
ci rcui t.

Domestic Hot Water

The domestic water heating and storage
portion of the system is shown in more
detail in Figure 6. The standby pumps,
the multiple heat exchangers, and the
multiple storage tanks provide higher
reliability and greater assurance of
continuous normal operation. The size
of the heat exchangers were optimized
via trade of extra cost for larger heat
exchangers for higher capacity of the
collector at the resulting lower opera
ting temperature. The storage tanks were
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With the well insulated piping, only a
total flow of 3 gpm will be returned to
the tanks.

FIGURE 7
D O M E S T IC H O T W A T E R D IS T R IB U T IO N

4.3.2

Building Heating Water

A primary-secondary distribution system
is used with a secondary pump in each
building, as shown in Figure 8 . Regard
less of the temperature of the hot water
supplied to each building, this distri
bution system is designed to maintain a
primary return water temperature between
90 and 100 F. This is done by mixing
primary supply water with secondary
return water via TV5 to maintain 120 F
at the inlet of the building heating
coils. The design of the heating coils
and corresponding temperature control
valves shown at the coil exits controls
the return water temperature to 90 F on
a cold design day, and to a higher
temperature between 90 F and 100 F on
warmer days. The 100 F was assumed to be
the nominal design temperature.

Water
Supply

Moving from the building heating water
distribution circuit to the corres
ponding heating and storage circuits in
Figure 9, again standby pumps, and
multiple heat exchangers and storage
FIGURE 8

The auxiliary boiler is maintained in a
standby condition for heating water in
the storage tanks in the same manner as
the solar system does. The auxiliary
boiler is turned on when the proper
level of hot water in the tanks is not
maintained.
By using the storage tanks
in conjunction with the boiler, its
required capacity is only 20 percent of
the instantaneous heating requirement at
the peak usage periods of the day.

B U IL D IN G H E A T IN G W A T E R D IS T R IB U T IO N

The special features of the domestic hot
water distribution to the fourteen
buildings are shown in Figure 7. Hot
water from the storage tanks is driven
through the primary distribution mains
in the utility tunnel to each building
by the pressure at the cold water supply
point on the left side of the figure.
The pump shown is used to pump a small
quantity of water from each building
which has cooled off during low usage
periods and replaced with hot water.
In
a conventional system, the pumping rate
would be about 2 or 3 gpm per building.
This total flow rate could not be per
mitted in this stratified storage system.
It would tend to mix the hot and cold
water in storage and eventually pump the
cold water in tank (3) to the buildings
at night. Therefore, each building is
equipped with a thermostatic control
valve to allow only enough return flow
to maintain 120 F in each building.

1

Bldg
Heating
Coils
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4.3.3

FIGURE 9

Heat Collected and Heat Load

B U IL D IN G W A T E R H E A T IN G A N D S T O R A G E

The profiles of total heat load and
solar collection capacity as shown in
Figure 10, indicates that 70 percent of
the load can be satisfied by the solar
system. The higher load curve in the
wintertime relative to the collection
capacity illustrates the value of the
system flexibility as indicated above in
transferring surplus heat slated for
domestic heating to building heating in
the four to five winter months.
In the
summer months when more heat can be
collected than is needed, some of the
collector will be deactivated.
4.3.4

Freeze Protection

A means of freeze protection is needed
in the winter when the collector plate
temperature is expected to drop into the
upper 20's, especially in January. When
a freeze condition is indicated, the
residual water in the collector circuit
will be circulated.
If this water tem
perature drops below 40 F, heat will be
transferred from the building heating
storage tanks.
4.3.5

Cost Effectiveness

The costs and savings have been deter
mined based on a 20-year life cycle
analysis. The costs are based on a loan
at 10 percent interest to make first
cost payments, on an annual 5 percent
replacement of parts, and on annual

tanks are denoted. The storage tanks are
sized to store the extra heat collected
on a typical winter day after the domes
tic water heating requirement has been
satisfied. The corresponding tempera
ture rise of the storage water is 35 F.
Thus, the 100 F return water is heated
to 135 F as TV3 modulates the storage
circuit flow to maintain TE8 at TE7 +
35 F. The necessary flow control in the
collector circuit is made by TV1 to hold
TE3 at TE7 + 55 F. Thus, the tempera
ture control of both the collector
discharge water and the heated storage
water are referenced to the return
temperature. This type of control is
advantageous in that when the return
temperature is 90 F instead of 100 F,
the collectors are controlled to a
lower, more efficient temperature.
Another advantage of this system is that
when less heat is required for heating
domestic water on a winter day, this
additional heat can be stored in the
building heating water tanks. The upper
temperature limit of the stored water is
180 F at TE11-1. This extra heat can
then be used the following day to heat
the buildings, and thus save fuel con
sumed by the auxiliary boiler as the
stored water supply temperature drops
below^ 120 F.

FIGURE tO
S O LA R HEAT C O LLE C TE D A N D HEAT LO AD
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maintenance and usage of electrical
power. The savings are based on No. 2
fuel oil at 40<f/gallon, a 10 percent
earnings on the savings, and an annual
oil cost escalation of 20 percent. This
results in a pay back period of 16
years.
5.
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CONCLUSIONS

The thermal performance of the system is
attractive in that 70% of the total heat
load is supplied by solar energy. This
70% includes 100% of the domestic hot
water load and 40% of the building space
heat load. The system is flexible in
that the collected energy can be trans
ferred to where it is needed most, and
the collector temperature is controlled
to provide maximum capacity.
Its good
reliability, maintainability, and cost
effectiveness can be attributed pri
marily to simplicity of system design
and to extensive use of conventional _
components. And the price tag is fairly
reasonable with a pay back period of 16
years. With the replacement of parts
included in the cost analysis, the
system should be usable for a total of
30 to 35 years.
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and solar energy system design and
analysis for commercial buildings and
industrial facilities. His current
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A SOLAR ENERGY SYSTEM FOR DOMESTIC HOT WATER
Thomas J . McNamara
V. A. Scavo & Associates
Chicago, Illinois
Abstract
To help reduce natural gas consumption and operating costs a domes
tic hot water heating solar energy system is to be retrofitted and
integrated into the existing conventional mechanical systems. This
installation would not only provide substantial fuel cost savings
to the Museum, but it would also provide a means of showing and
explaining the operation of an actual working solar energy system
to the large number of daily visitors to the Museum. This report
explains the design, operation and performance of that solar energy
system.
D

1.

INTRODUCTION

1.1
The Museum of Science- and Industry has a
primary goal to show how science and indu
stry have contributed to the American way
of life. They feel that by adding a
viable practical, solar energy hot water
heating system to their own building they
will better fulfill their goal and at the
same time they will also:
(1) reduce
their fossil fuel consumption and their
operating cost; (2) reduce air and thermal
pollution because solar is "clean" energy
which has no products of combustion such
as hot flue gases with entrained pollu
tants; and (3) provide a viable demonstra
tion to the public of the practical use of
solar energy as an alternative energy
source to the diminishing oil and natural
gas energy resources.
This project also
demonstrates that the technology and
"know-how" exist, which are needed to
make use of solar energy in a commercial
application.

2.1
The Museum is an existing three-story
building which is the restored fine arts
building from the World's Columbian Exposi
tion of 1893 which was opened in 1933 at
the time of the Century of Progress
Exposition in Chicago. It is considered
one of the finest examples of classic
Greek architecture. The building covers
approximately 14 acres. The Museum of
Science and Industry is located in Chicago,
Illinois, approximately 6 miles south of
the downtown business district and adja
cent to the scenic shoreline of Lake
Michigan.
The floor plan is shown in
Fi gure 2 .
3 .
3.1
The solar energy system proposed will heat
hot’ water to meet the consistently large
daily hot water quantities used by an aver
age of approximately 10,000 visitors to the
Museum.
This large number of visitors to
the Museum occurs on every day of the year
except Christmas Day, the only day it is
closed.

1.2
If solar energy can be applied to help
heat the large quantities of domestic
hot water used each day by the visitors
to the Museum, it would significantly
reduce their natural gas consumption
and operating cost.
2.

THE SOLAR ENERGY SYSTEM

3.2
In order to conserve energy by reducing
fossil fuel consumption and to reduce
operating cost, a retrofit solar system
installation of initially 15,000 square
feet of the Model P5 General Electric flat

PROJECT INFORMATION
427

plate solar collector installed on the
south half on the flat roof southeast and
southwest areas of the central pavilion
building of the Museum of Science and
Industry (See Fig. 2). The solar energy
system will consist of: the arrays of
solar collector panels, energy storage
tanks, pumps, heat exchangers, intercon
necting piping, controls, thermal insula
tion and monitoring instrumentation. The
solar energy system will supplement the
existing two hot water heaters:
(1)
located in the north ground floor equip
ment room; and (2) located in the south
equipment room on the ground floor. A
water/ethylene glycol anti-freeze solution
is circulated through the collectors and
then to a heat exchanger. The heat
exchanger, pumps, thermal energy storage
tanks, systems valves, and controls are
located in the equipment areas on the
ground floor. From this area the heat is
supplied to the heat exchanger to heat
hot water for use in the toilet rooms and
janitor closets throughout the central
pavilion buildings. See Fig.

4.1.2
The control subsystem for the solar hot
water heating system adheres to standard
commercial practices as defined and
presented in the ASHRAE Handbook. Elec
tromechanical logic is employed to control
the operation of four pumps, two propor
tional three-way valves and four two-way
valve s .
4.1.3
The system schematic diagram Fig. # 1 is
typical and representative of the control
arrangement for the southwest and the
southeast system. The collector loop
absorbs solar energy from the collector
plates and delivers this energy to the heat
exchanger. The therma-1 storage/usage loop
stores thermal energy in a fluid tank to
provide hot water heating.
4.1.4
The five major system operating modes have
been described in Table # 1
together with
their corresponding mechanical component
functions. Mode 1 defines the case for
which no solar or stored energy is avail
able. Mode 1 corresponds to the case in
which the building's conventional hot
water heating system must be utilized.

3.3
The two (2) thermal energy storage tanks
each have a capacity of 1,000 gallons and
are used to store excess solar energy for
use during periods when direct collection
is insufficient to supply the hot water
demand. This installation was designed
to provide approximately 21% of the total
heat required to heat hot water for the
central pavilion building daily demands.4
4.
4.1

4.1.5
In mode 2, no direct solar energy is
available; however, stored solar energy
can provide the hot water heating functions.
As Table # 1 indicates, mode 2 occurs
when the collector plate temperature (TC)
is below 150°F and the thermal storage
tank (T 3) temperature is above 150°F.

SOLAR SYSTEM CONTROL
AND INSTRUMENTATION

SYSTEM CONTROL

4.1.1

4.1.6

A flexible, adjustable control system is
provided for the solar energy system to
allow for variations in operating modes.
Control and modulating valves are
provided and integrated with the existing
hot water system, making use of existing
manual and automatic controls to regulate
hot water supplied by the solar energy
system. This interface is established so
that hat water can be supplied from either
or both systems to meet hot water load
demands. The basic control functions are
operated from a self-contained panel. The
system is designed for automatic operation
with monitoring by regular maintenance
personnel. Following is Table # l
which
describes the solar system operating
modes. Please refer also to Fig. #1.

Temperature sensor TI controls the threeway diverting valve V-I to increase flow
from thermal energy storage as temperature
begins to drop.
4.1.7
Temperature sensor T3 will shut off pump
P2 when temperature falls below 150°F as
long as solar collector temperature sensor
(TC) is also below 150°F. When TC is
above 150°F it starts pumps PI and P2.
4.1.8
Mode 3 transfers solar energy directly from
the collector loop to the hot water heater
when thermal energy storage (T3) is below

150° F .
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banks - A and B - and the southeast array
has 290 collectors divided into two
banks - C and D, Fig. 3 . Each bank has a
separate fluid loop with inlet headers on
the inner edge of the rows and returns
arranged in reverse return on the outer
edges.
The solar collectors are mounted
on a lightweight structural grid attached
to the existing structural system by pene
trating the roof at various support points.
They are mounted in rows with their long
side horizontal.
Clearance is provided
under the structure to allow access for
roof maintenance. Walkways are provided
for access to the collector array.

4.1.9
Mode 4 Is the normal daytime hot water
heating and storing operation. Sufficient
energy is available to heat the water
needed by demand and also to store energy
In the thermal storage tank.
4.1.10
Mode 5 is a safety operation. When the
thermal energy storage tank rises to 210°F
a thermal switch closes. This energizes
valve V-2 (open) in the domestic hot water
outlet and also energizes valve V-3
(closed) in the steam supply line to the
hot water heater.
4.2

5.2

SOLAR SYSTEM INSTRUMENTATION

The collectors in each row are intercon
nected at the corners with rubber hoses
clamped to elbows we.lded to integral inlet
and outlet headers. This provides paral
lel flow through each collector row, with
cool water entering at the bottom of
each collector, being heated as it rises
through serpentine fluid passages and
exiting at top.

4.2.1
Instrumentation is provided to monitor
system performance and to allow an evalu
ation of operating parameters.
Display
and recording capability are provided by
an instrumentation console.
The instru
mentation system is capable of providing
data for evaluation of various system
operating modes.

5.3
The mechanical system consists of a solar
collector loop, a heating and storage loop,
mechanical equipment such as pumps, heat
exchangers and filters, thermal energy
storage tanks, and interconnecting piping
and valves whose general arrangement is
shown in Fig. 1.

4.2.2
Instrumentation readout and recording
equipment is capable of monitoring
thirty-eight (38) channels of data. The
system has sufficient flexibility built
into its basic operating modes so that
performance data can be generated over a
wide range of off-design conditions.

5.4

4.2.3
The instrumentation console is located at
one end of the visitor's solar energy
information and viewing center as shown
on Fig. 3 . In addition to the instrumen
tation console, a solar energy system
visual display is installed at the north
end of the viewing center in the display
area within the glass enclosure and will
show on the simulated flow display the
operation of the solar energy system while
a taped description about the solar energy
system, its operation and purpose will
emanate from the ceiling speakers explain
ing to each of the thousands of daily
Museum visitors the operating principles,
statistics, cost savings and other benefits
of this solar energy system.5
5.

The solar collector loop transfers the
energy collected by the solar array to a
heat exchanger.
It consists physically of
the headers and mains connected to the
collectors on the roof, 3 inch/4 inch
mains running down a piping shaft to
ground floor equipment rooms, 7-1/2 (PI)
and 5 (P2) horsepower pumps, and the tube
side of the heat exchangers with total
surface areas of 300 square feet each.

SOLAR COLLECTOR ARRAYS
AND LOOPS

5.5
See Tbl.#7 f o r nominal opera tin g conditions
o f the pumps.
5.6.
See Tbl .#8 for heat exchangers nominal
operating parameters.
5.7
The hot water heating and storage loop
contains the pump, valves, filters and
interconnecting piping for all system
components downstream of the main collec
tor heat exchanger.
This loop uses a five

5.1
There are two arrays. The southwest array
has 372 collectors divided into two
429

will withstand windloads in excess of 100.
The collector is equipped with a single
non-breakable lexan window.

horsepower pump under the operating condi
tions outlined in Table # 9 .
5.8

7.

Thermal energy stdrage is provided by
2,000 gallons of water stored In two
cylindrical tanks. The tanks are 48
inches in diameter by approximately 90 in
ches long. A 24 inch diameter manhole is
located in one end of each tank with
flanges and bosses on the ends for piping
and instrumentation. The tanks are
located in the mechanical equipment areas.
They are mounted horizontally on saddles.
The tanks are insulated on all sides with
four inches of foamglass insulation.

SOLAR SYSTEM PERFORMANCE

7-1
For the estimated annual fuel (cubic feet
of gas) requirements for the Museum of
Science and Industry see Fig. #4 .
7.2
The Museum currently uses approximately
42,500 x 10^ cubic feet of natural gas
fuel per year for their total requirements
for space heating, heating hot water,
kitchen, cooking and laundry. Of this
total amount, approximately 2 2 % (9,200 x
103 cubic feet) is used to heat domestic
hot water used by the visitors (approxi
mately 10,000 per day) and employees
(approximately 420) in the public wash
rooms, employee washrooms, employee
locker rooms, and janitor closets.

5.9
All electrical power originates from the
mechanical equipment area. The 208 volt
three-phase power is supplied to the
pumps through motor starter units
switched from the control panel. The 120
volt power supplies the control panel
power supply which provides appropriate
voltages to the control circuits and
logic. The three motorized valves in
each system are actuated by 24 volt con
trol circuits and operated by 120 volt
motors. The Instrumentation console in
the visitor's observation center adjacent
to the roof area is powered by a separate
120 volt circuit.
All system operating
power is monitored by a watt-hour meter.

7-3

5.10
The instrumentation console was incor
porated Into the system to monitor perfor
mance and obtain diagnostic information.
It Is completely independent of the
system and Is not needed for system
operation. Instrumentation is provided
to analyze system performance and
operation.

The daily demand occurs during the hours
of 9:30 a.m. and 5=30 p.m. during the
summer (during Daylight Saving Time) and
during the 9:30 a.m. to 4:00 p.m. period
during the winter (during Central Standard
Time). The peak demand period each day
occurs from about 11:00 a.m. until about
2:00 p.m. because of the lunch period.
However, there is a very short period of
approximately an hour or less of somewhat
reduced demand after which the demand
increases back up toward the peak level
while visitors and employees again use
facilities prior to departure. The demand
dramatically drops to nothing, or course,
as soon as the Museum closes.
7.4
Therefore, analyzing the hot water load
demand characteristics, it is seen that
there is a relatively large demand begin
ning shortly after the Museum opens. This
demand fluctuates only about 10% up or down
after the initial build-up in the morning
until the total drop off at closing time.
Because of the consistent large demand
between the hours of 11:00 a.m. and 5:00
p.m., a relatively small storage capacity
(1,000 gallons) for each the southwest and
southeast solar hot water systems Is needed.
This load also parallels rather closely
the period during each day when maximum
insolation occurs.
Therefore, it is
possible to make maximum use of the solar
energy as it is being collected to heat
water which further tends to reduce the
thermal storage capacity requirements.
Furthermore, the fact that the Museum is

6. SOLAR COLLECTOR PHYSICAL DATA
6.1
The solar collectors are 3 x 8 foot flat
plate, medium-temperature, high efficiency
units.

6.2
The collector has four major components,
the frame, insulation, absorber plate
and cover window. The frame is a welded
aluminum extrusion with a 0.030 inch
aluminum backer sheet bonded to the frame
to form a pan. The aluminum extrusion
frame is made purposely with a smooth
thickwalled structural web to give the
user a good selection of mounting
techniques. The overall chassis design
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open seven days a week, every day except
Christmas, throughout the year presents a
continually repeating daily hot water load
demand with no extended periods over the
weekends or holidays when the demand
drops off as would otherwise occur with
any average type of commercial application
wherein the facility normally closes down
over weekends and holidays.

7.8
Therefore, the estimated average annual
net collected solar energy for the solar
system is given in Table #4.
7.9
The net usable average annual solar en
ergy for the solar system is given in
Table #5.

7.5
Average total fuel (gas) requirements to
heat hot water are given in Table # 2.

7.10

To determine the estimated percent annual
solar energy contribution toward provid
ing the hot water heating energy require
ments would be as shown in Table #6.

7.6
The average total conventional energy(BTU)
requirements for central pavillion sys
tems (which will be interfaced with retro
fitted solar energy system) are given in
Table # 3.
7.7
Based on manufacturer's (General Electric)
performance data for the model P5 collec
tor, the manufacturer estimates that the
model P5 collector would produce an average
net output of 99,900 BTU/yr/sq.ft. after
adjusting for the Chicago conditions as
set forth in the Climatic Atlas for the
United States and allowing for 45° tilt
of collector with horizontal plane.

M OPERATING NODES
CONDITIONS

COLLECTOR LOOP

PUMP CPI)_____
1.

MO HEAT A V A I L A B L E
FROM SOLAR ARRAY

COLLECTOR TEMPERATURE
3ELOW 1 5 C ° F AND
THERMAL ENERGY STOR
AGE ( T 3 ) BELOW 1 5 0 ° F

2.

USING THERMAL
ENERGY STORAGE

COLLECTOR BELOW
1 30 0 F AND THERMAL
ENERGY STORAGE ( T 3 )
ABOVE 1 5 0 0 F

3.

USING COLLECTOR
LOOP HEAT ABOVE.
THERMAL ENERGY
STORAGE TEMP.

U.

USING AND STORING
HEAT

CLOSED

OFF

ON

-J O H3
iiQai

OPEN

CLOSER

U.

OPEN .

COLLECTOR ABOVE
] 5 0 ° F THERMAL ENERGY
■STORAGE ( T 3 ) BELOW
150°F

f

HEAT DUMP

thermal s rc -;.
LOOP PUMPCPIQ

“ ON

COLLECTOR ( T C ) ABOVE
1 5 0 ° F , THERMAL
ENERGY STORAGE ( T 3 )
'
ABOVE m 0 ° F

CLOSED

:

ON

ON

•THERMAL ENERGY
STORAGE C T 2 ) ABOVE
2 10 ° F

OPEN

\ Y

££ ->0.

UJ if/ Lr\

a . io

1C.i
n -t

UJ !U O
-3tCL C. .

>OOl
TABLE 1
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TABLE #2

TOTAL FUEL(GAS) REQUIREMENTS TO HEAT HOT WATER
Central Pavlllion:
1. Southwest System
2. Southeast System

4,600 X 103 Cu. Ft./Yr.
2,300 X 10i Cu. Pt./Yr.

West Pavlllion:
1. West System

1,150 X IO 3 Cu. Ft./Yr.

East Pavlllion:
. 1. East System

1,150 X 103 Cu. Ft./Yr.
9,200 X IO3 Cu. Ft./Yr.

_______________________Total Fuel:
TABLE

if3

AVERAGE TOTAL CONVENTIONAL ENERGY(BTU) FOB CENTRAL PAVILLION
HOT WATER SYSTEMS
---------Southwest System:
Total Conventional Energy *

A,600 X 103 Cu. Ft./Yr. X
1.000 BTU/Cu. Ft!
ii600 X 10s BTU/Yr.

Southeast System:
Total Conventional Energy =

2,300 X 103 Cu. Ft./Yr. X
1.000 BTU/Cu. Ft!
2,300

TABLE #l|'

X 1 0 6 BTO/Yr.
■ -

"

"

_

ESTIMATED AVERAGE ANNUAL HET COLLECTED SOLAR ENERGY FOB SOLAR SYS.
Southwest System:
Net Solar Energy = Collector Area(Sq. Ft.) X 99,900
BTU/Sq. Ft./Yr.
* tan X 15) + (5 x IB)] 23 Eq.Et./Unit
X.99,900 BTU/Sq.Ft./Yr.■ ■
- 8,556 Sq.Pt. X 99,900 BTU/Sq.Pt./Yr.
- 854.7 X 106 BTU/Yr.
Southeast System:
Net Solar Energy = Collector Area(Sq.Ft.) X 99,900
BTU/Sq.Ft./Yr.
‘ [(18 X 16) + 2] 23 X 99,900 BTU/Sq.Ft./YR.
- 666.3 X 106 BTU/Yr.
TABLE

115

NET USABLE AVERAGE ANNUAL SOLAR ENERGY FOR THE SOLAR SYSTEM
Southwest System:
Net usable Solar Energy = Net Solar Energy (Pump Energy + Control Energy)
- 85/1-7 X 106 BTU/Yr. (10 KW + 0.5 KW) 2912 Hrs./Yr.
■ 854.7 X IO-6 BTU/YR. (10.5 KW X _1_
0.29
BTU/Yr.

2912 X 1,000)
2

- 854.7 X lof BTU/Yr. .52-7 X 10° Btu/Yr.
- 802 X 106 BTU/Yr.
Southeast System:
Net usable Solar Energy = Net Solar Energy (Tump Energy + Control Energy)
• 666.3 X 106 BTU/Yr. (9 KW + 0.5 KW) 2|12 Hrs./Yr.
■ 666-3 X 106 BTU/Yr. (9 .5 KW) i _ | p Watt-Hr X
1,000

X 1456 Hr./Yr.

” 6 6 6 .3-X-10'6 BTU/Yr. 47.7 X 1C6 BTU/Yr.
'« 618.6 X 106 BTU/Yr.
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TABLE #6
ESTIMATED PERCENT ANNUAL SOLAR ENERGY CONTRIBUTION TOWARD
.
HOT WATER HEATING
Solar Energy:
Southwest System:
5
Net Usable Solar Energy * 802 X 10 BTU/Yr.
Southeast System:
Net Usable Solar Energy

618.6 X 10° BTU/Yr.
1.H20.6 X 106 BTU/Yr.

Total Solar Energy

Energy Requirements Using Conventional System:
Southwest System:
Conventional Energy

H600 X 10 3 Cu.Ft. X 1,000 BTU
4,600 X 106 BTU/Yr.

Southeast System:
Conventional Energy

2.300 X 103 Cu.Pt. X 1,000 BTU
2.300 X 106 BTU/Yr.

Total Conventional En'gy=

6.900

X106 BTU/Yr. ■

Percent Contribution of Solar Energy:
. _
v TOTAL NET USABLE SOLAR ENERGY
Percent - 10D X .jgjjj CONVENTIONAL ENERGY
■

100 X 1400.6 X 106 BTU/Yr.
5900 X L013 BTU/Yr.

.

100 (0 .2 1 )

=

211

TABLE #1
THE NOMTNAT. OPERATING CONDITIONS OP THE PUMPS
PI
SW SYSTEM

PI
SE SYSTEM

1.

Flow rate

178 GPM

138 GPM

2.

Pressure head

70 to 100 ft. H20

70 to 100 ft. H20

3-

Operating fluid

30 ? ethylene glycol

30 ? ethylene glycol

H.

■ solution

solution
100 to 220°F

Operating temperature

100 to 220°F

TABLE #8
'ING PARAMETERS

HEAT EXCHANGERS N(
SW SYSTEM

SE SYSTEM

1.

Loop Delta T

!i

10°F

2.

Shell side Delta P

3 ft. H20 @ rated
178 GPM

2.5 ft. H20 @ rated
138 GPM

3.

Tube side Delta P

9 ft. H20 (§ 178 GPM

8 ft. H20 § 138 GPM

Heat transfer rate

750,000 BTU/HR

600,0.00 BTU/HR

Shell/tube temp. diff.

0°F

0°F

H.
5.

TABLE £9
OPERATING CONDITIONS FOR 5IIP PUMP
P2 (SW)________________ P2 (SE)
138 GPM

1.

Flow rate

178 GPM

2.

Pressure head

H0 to 70 ft. H20

HO to 70 ft. H20

3.

Operating fluid

water w/ corrosion
inhibitors

water w/ corrosion
inhibitors

H.

Operating, temperature

100 - 210°F

-100 - 210° F
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NET ENERGY ANALYSIS:

THEORETICAL AND METHODOLOGICAL CONSIDERATIONS
David A. Huettner
University of Oklahoma
Norman, Oklahoma

Abstract
This paper takes a critical look at net energy analysis beginning
with a summary of its major assumptions and objectives and an exami
nation of the important theoretical and methodological difficulties
encountered in this new discipline. An economic, rationale is de
veloped for placing a positive value- on environmental services pro
vided man by nature even when the supply of these services exceeds
demand. The author concludes that the value weights developed by
net energy analysis contain little information of use to decision
makers and that the vitally needed insights of environmentalists,
ecologists, energy analysts, and others can and should be inte
grated into traditional economic analysis.
1.

INTRODUCTION

of commercial application shall be analyzed

Since the early 1960s, policy makers have

and considered in evaluating proposals."

become aware of environmental and energy

Some take a stronger position, however, but

related problems.

have stopped short of proposing that net

Increasingly, however,

the use of market-determined values and

energy analysis replace traditional

economic techniques to guide environmental

economic analysis.

and energy decision making is being chal

(6) recently stated that net energy analy

lenged.

Woodwell (17), Schumacher (14)

For example Gilliland

sis is more comprehensive and "can provide

and others have argued that services pro

more information of a less conflicting

vided mankind by the environment are ex

nature to policy makers" and has concluded

tremely undervalued.
Others, including Congress, have proposed

that, in energy analyses, the use of
"energy as the physical measure of environ

that traditional economic analysis at

mental and social impacts, of material,

least be supplemented with the net energy

capital and manpower requirements, and of

analysis utilized by Odum (12), Berry and

reserve quantities reduces the need to

Fels (1), Chapman (2) and Slesser (15).

compare or add apples and oranges."

This congressional mandate is contained in

Many of the above criticisms are merely

section 5 of the Non-Nuclear Energy Re

that traditional economic techniques

search and Development Act of 1974 (Pub

cannot or have not yet achieved precise

lic Law 93-577) which states that "the

results, hence are inaccurate or inappro

potential for production of net energy

priate .

by the proposed technology at the stage
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Many economists have made these criticisms

(11), "Net energy analysis began with two

themsleves and have attempted to correct

reasonable suspicions and an apparently

these deficiencies.*

simple method for testing them."

Of deeper concern,

however, are criticisms that seek an alter

The first

suspicion was that, as mankind turned to

native conceptual framework to guide deci

lower quality energy sources, gross energy

sion making or to value inputs and outputs.

output would increase but net energy, the

While no net energy advocate has, to my

amount available to final consumers, would

knowledge, explicitly favored that it re

fall and eventually approach zero.

The

place traditional economic analysis, the

second suspicion was that traditional dis

use of net energy accounting to value in

ciplines, because of narrow viewpoints or

puts and outputs and to guide decision

the use of prices to measure energy flows,

making is more than a switch to a differ

might overlook this ominous possibility.

ent numeraire and has far-reaching impli

Net energy analysis offered, as an alter

cations, particularly for the allocation

native, that all energy flows directly or

of resources.

Economists have tradition

indirectly supporting an energy technology

ally used market-determined prices

or system be measured in physical units

(corrected for market imperfections and

such as BTUs.

so forth) to fulfill these functions;

Net energy has been defined as the amount

hence the use of net energy accounting

of energy that remains for consumer use

represents, perhaps unknowingly, a marked
departure from economic theory.

after the energy costs of finding, produc

Given this background, the fact that net

have been paid (12).

ing, upgrading and delivering the energy
Labor, capital,

energy analysis is a new discipline, and

information and material inputs (including

the fact that net energy analysis is al

the environment) are used to produce

ready being used by several government

energy.

agencies**, it would be useful to have a

energy for its production, the energy

deeper understanding of net energy analy
sis and the prospects for achieving these

contained in these inputs subsidizes energy
output, with society receiving only the

objectives.

difference or "net" energy between the two.

The next section of this

paper will review the major objectives of
net energy analysis.

The exclusive emphasis on energy and the

Section III will

energy content of inputs in net energy

examine the major theoretical and methodo

analysis rests on the concept of energy as

logical problems of net energy analysis.

the ultimate limiting factor, since sub

Section IV will contain a summary and some

stitutes for other inputs can always be

concluding observations.
2.
2.1

Since each input requires some

synthesized from it.

ASSUMPTIONS AND OBJECTIVES OF NET
ENERGY ANALYSIS

Energy may be divided

into available energy (enthalpy) or un
available energy (entropy).

As sumptions

The second

law of thermodynamics tells us that the

As a former net energy analyst has noted

entropy of a closed system increases
*

For a listing of these economic studies, see (9).
The Energy Research and Development Administration has stated
that it plans to integrate net energy evaluation of technologies
into the national plan for setting energy R & D priorities (4) and
the Department of the Interior's Office of Research and Development
has contracted for energy analysis of several technologies.
438

continuously and irrevocably toward a

garded as a sub-objective of net energy

maximum.

analysis.

In addition it has been noted

that (i) energy is the only commodity for
which a substitute cannot be found,

3.

THEORETICAL AND METHODOLOGICAL ISSUES

(ii)
3.1

potential energy is required to run every

Theoretical Issues

type of system or production process, and

Turning first to theoretical difficulties,

(iii) energy cannot be recycled without

it has been shown (9) that net energy

violating the second law of thermodynamics

analysis is an energy theory of value.

(6) .

puts such as labor, raw materials, machine
ry and so on are valued according to their

As society uses up its higher-grade energy

direct and indirect energy content alone.

resources it will require more and more

More than just appropriate selection of the

energy inputs (a larger energy subsidy) to
produce a given amount of energy.

numeraire is implied, however; prices are

While

formulated as if energy were the only re

gross energy production may increase

levant resource constraint, and the rela

rapidly over the next few centuries as we

tive scarcity of nonenergy inputs becomes

consume our remaining fossil fuel re
sources, net energy will certainly increase
less rapidly and may eventually begin to
decline, particularly if one views earth,
moon and sun as a closed system.

a factor only if it leads to a change in
the energy content of these inputs.

In

essence, all nonenergy resources are view
ed as transformed energy, and in this one-

Regard

less of the exact scenario assumed, how

In

commodity world all derivative products
are priced according to their energy con

ever, energy is clearly regarded as the

tent .

ultimate limiting factor particularly
since substitutes for other inputs can

In essence, net energy analysis assigns

always be synthesized from it.

values based solely on supply considera

2.2

tions while totally excluding demand

Objectives

considerations.

Georgescu-Roegen (5),

The basic objective of net energy analysis

however, has argued that low entropy

is to identify the ultimate sustainable

(energy supply) is a necessary but not a

limits to human activities (3) and '(16).

sufficient condition for assigning value.

Since energy is viewed as the ultimate
limiting factor, pursuit of this objective

Sufficiency requires that one account for
the enjoyment of life (demand factors). At

logically requires that all inputs be

best, net energy analysis can identify only

valued solely in terms of their energy

a continuum of possible energy values (a

content.

supply curve) and not some unique value or

This is particularly true of

environmental inputs or services which

ultimate limit for human activity.

many net energy analysts feel are under
Gilliland (7) recognized this problem and

valued by traditional economic techniques.

argued that "over the long term, low

In fact, the correct valuation of environ

entropy may provide the basis for defining

mental services is essential if ultimate

the boundaries of utility and demand."

sustainable limits are to be properly
assessed.

Yet the ultimate, sustainable energy sup

This fact and the importance

ply curve would undoubtedly stretch over a

attached to environmental services by many

wide range of energy values (prices) and

net energy analysts suggest that proper

output levels.

valuation of environmental services be re
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Furthermore, the position

of this supply curve at any future point
would depend on technological progress,

the extent to which external inputs should
be counted in net energy calculations, i.

energy output levels and values is expand

e,, where should the boundary between sup
ply and demand be drawn? At one extreme,

ed enormously.

the predominate opinion is to draw the

hence the range of ultimately sustainable

boundary between the energy supply system

In fact, given our meager abilities to
measure or understand past technological
change, let alone forecast future changes
(8), it appears safe to conclude that net

or facility and the rest of GNP as conven
tionally defined.

For example, the energy

used to build and run gasoline stations or
new towns for oil shale workers produces

energy analysis will offer no accurate

"goods" within GNP and is therefore not to

prediction of the ultimate sustainable
boundaries of energy demand (or value).*
Once this is recognized, it is clear that

be counted as a cost on the energy supply
sector.

current energy policy cannot be guided by

At the other extreme, the prevailing opini

pronouncements as to ultimate limits.

on is to capture all possible direct and

As

Leach (11) has noted, "The future is

indirect effects including many remote

opaque, a dark mirror, and no less to

multiplier and "knock on" effects (12).

energy analysis than to the rest of man

As noted in (11), however, this would in

kind.

Ultimate limits can wait on more

urgent and closer concerns."
3.2

clude "the additional energy associated
with higher living standards for well paid
Alaskan oil workers, the energy to provide

Methodological Issues

all social facilities and infrastructure
Given that net energy analysis cannot

for new energy developments, and all

achieve its basic objective of defining

hidden subsidies provided by natural eco

ultimate limits to human activity, one

system changes."

can still inquire whether the value
weights it produces contain other informa
tion useful to decision-makers.

Again,

however, there appear to be both methodo
logical and theoretical reasons to ques
tion the information content of net
energy calculations.

Clearly, the latter approach, favored by
Odum and others, will generate much larger
energy subsidies and hence lower net energy
calculations than does the GNP approach.
Leach concludes (11) that until this
boundary problem is settled, "net energy
analysis will be arbitrarily inconsistent,

Turning first to methodological issues,

uncertain and show large variations . . .

Leach (11) has identified several of con

(making) . . . Public Law 93-577 virtually

cern.**

unworkable . . . and (suggesting) that net

The most important of these is

Note that economic analysis would also fail to define these
boundaries.
**
Problems created by uncertainty and joint production are not
discussed here. The reader is referred to Leach (11) for treatment
of these issues.
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energy analysis has no magic answers to
some old dilemmas."

social well-being (and was never intended
to be oneL, yet net energy may be far

One can, however, assume that the boundary

worse.

problem will be solved* and still criti

net energy may reduce our dependence on

cize the resultant calculations as irrele

the Arab States, but it would be worth

vant for two reasons.

knowing the corresponding reduction in

First, as has been

Allocating resources to maximize

shown above, these calculations have no

gross national product.

information content as to the ultimate

3.3

limits to human activity (long run policy).
Second, if short run rather than long run
policy is of concern, then of what use are
these calculations?

Should decision

makers pay attention to them and in effect
allocate resources according to net energy
value weights?

Valuation of Environmental Services

The above paragraphs have argued that net
energy value weights contain virtually no
information of use to decision makers.
There still remains, however, the question
of whether it can improve the valuation of
services provided mankind by the environ
ment.

At one end of the spectrum are many

As Huettner (9) has shown, even if we
could synthesize perfect substitutes for

economists who argue that no energy or

any input from energy, efficient alloca

services as long as quantity supplied ex

tion of resources would require deviations

ceeds quantity demanded.**

from energy content pricing.

Energy is

not the only relevant resource constraint

economic value should be placed on nature1s

At the other end of the spectrum are many***
who argue that the value of environmental

and is, and will probably remain, a small

services can be measured, in order of

portion of the total costs of producing
most inputs and outputs.

increasing preference, as:
(1) the energy value of the products

The value

weights with which net energy analysis

and services provided by the

aggregates apples and oranges are far

environment;

different from those entering an economic
analysis.

(2)

To revalue all inputs and out

puts according to net energy weights would
certainly cause massive short-term and

(3)

long-term changes and dislocations within
a society.

products and services;
the energy that would be required
to provide these services by

While no one is suggesting

alternate means.

that this be done, one might ask why

Both of these polar positions have suffi

decision makers should be guided by net

cient strengths and weaknesses to suggest

energy analysis and allocate resources as
if it had been done.

the solar energy used by the
ecosystem in providing these

that each should be rejected in favor of

Gross national pro

a synthesis of the two.

duct is certainly a poor indicator of

One synthesis

worth considering is based on the fact that

*Some of the boundary problem may be solved by eliminating much
of the double counting implicit in the "Odum" approach. For example,
much of the infrastructure (such as schools) for a new energy de
velopment would have been needed anyway assuming that children would
require schooling wherever they lived and that the new schools
associated with the energy development are offset by school con
struction postponements in other cities.
**
.
.
For example,, see (10) .
***For example, see (6) and (13).
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man's demand for services provided by the

should also be clear that, even if accu

environment will grow through time and

rate forecasts were available, net energy

ultimately exceed nature's supply.

analysis would not provide mankind the

Beyond

answers it seeks.

that point in time, the value of these
services is the cost of providing them by
alternate means.

4.

SUMMARY AND CONCLUSIONS

Discounting this future
The above sections have argued that net

stream of costs back to the present yields

energy analysis cannot achieve its primary

the present value of future environmental

objective of defining ultimate, sustain

services.

able limits to man's activities.
Yet the cost of providing environmental

In addi

tion, net energy value weights were shown

services in the future (and the timing of

to be inappropriate for short run decision

when they must be provided by man rather

making such as resource allocation.

than nature) is dependent on how well man

Finally, a review of various methodo

protects his environment today.

logical problems indicated that the actual

In effect,

the ecosystem may be regarded as a compli

value weights calculated by net energy

cated machine that provides mankind ser

analysis are arbitrarily inconsistent and

vices through time.

highly variable.

By keeping that

machine properly maintained in the pre
The above criticisms are not meant to

sent, mankind can avoid higher maintenance
costs in the future.

downgrade the importance of questions re

Today's environ

garding ultimate limits nor the vital in

mental services should not be valued at

sights of net energy advocates.

zero simply because today's supply pro

On the

contrary, it is clear that the insights and

vided by nature exceeds today's demand.

expertise of ecologists, environmentalists

Rather, today's services should be valued
at zero only if it is the optimal solu

and others must be integrated into tradi
tional economic analysis if appropriate

tion, i.e., it minimizes the discounted

values for environmental services and

present value of the costs of providing a_

energy resources are to be obtained.

flow of environmental services through

The

basic purpose of this paper is to indicate

time.*

that net energy analysis is, for various
While the above synthesis establishes a

theoretical and methodological reasons, an

rationale for valuing today's environ

inappropriate framework for addressing the

mental services at more than zero (even

questions it seeks to answer.

if the current supply provided by nature

Maximization

of net energy is a poor surrogate for the

exceeds current demand), it does not pro

objectives of humanity particularly if one

vide guidelines for placing actual values

believes that BTUs and kilocalories are

on these services.

Given the difficulties

inadequate measures of pleasure, or pain,

of forecasting man's demand preferences

or most human desires and capabilities.

and supply capabilities far into the

While market values are far from perfect,

future, one must conclude that both

they at least contain some information on

economic analysis and net energy analysis
cannot achieve reliable answers.

society's relative values and how they are

Yet it

changing through time.

■k

One would, of course, have to project future demand for and
supply of these services to obtain these future cost estimates.
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ENERGY USE AND TECHNOLOGICAL PROGRESS
C. E. Moody, Jr.
College of William and Mary

, 1. TEST FOR ENERGY AS AN OMITTED VARIABLE
Domar f e 7 > J has shown that if we Begin with a
Cobb-Douglas production function relating gross
output to inputs of capital, labor, raw materi
als and energy:
(1)

improvement in the estimation. To do this we col
lected data on value added in manufacturing fe>,9,
10/, capital stock in constant dollars f e f e j , labor
in manhours f e , 9,10J , and electricity consumed in
manufacturing f e , 10/, for the years I929-I963.
The results of this experiment are reported in
Table 1.

Q, = AKaL^M°Ed

TABLE 1

and construct a value added index V and define it
as a function of capital and labor only, then
(2) V = A1K5'1Ltl
where a1 = l/(l-c-d) and b1 = l/(l-c-d). Thus
raw materials and energy are given zero weights,
and their former weights are assigned to capital
and labor in proportion to their former weights.
Thus the weights assigned to capital and labor
are overstated and productivity growth is simi
larly overstated.

TEST FOR ELECTRICITY AS OMITTED VARIABLE
VALUE ADDED IN MANUFACTURING, ALL MFG, 1929-1963
Regres
Time
sion
(1)

A complementary approach to this problem is that
of omitted variables. Suppose that energy inter
acts with capital and labor in such a way that
increasing energy input increases the produc
tivity of capital and labor. Then subtracting
energy from gross output and from inputs will not
eradicate its effect on value added. Thus re
gressing value added on capital and labor only
will result in biased estimates of the weights on
capital and labor.

0.030

Capital

Labor

-o.3$3

1.19
(22.$)

(4.0$)

(l.6l)

(2 )

0.027
(4-98)

-0.1+1
(2.60)

(3 )

o.oii+
(1-9$)

(1.9$)

0.33*

Electri- _
city R

DW

.9$ 2.03

0.69
0.71
(7.1+3) ($.1+2)

.97 2.$2

0.87
($.7$)

•9$ 1.69

All regressions are run in first differences.
Variables are measured in natural logs, t scores
in parentheses.
*In equation (3) capital is adjusted by the
Christianson-Jorgenson utilization index £ 2 j .

The reason that intermediate inputs are excluded
from output is the danger of double counting
since the output of one firm or industry can be
the input of another. However, this is less true
of energy than for other intermediate inputs,
especially if we confine ourselves to the manu
facturing sector. While manufacturing firms do
generate and sell some electricity (the most im
portant energy input), it is a relatively small
fraction of total energy used. We will therefore
ignore the double counting problem and use elec
trical energy used as a proxy for all energy con
sumed by manufacturing industries.

As the table shows, the introduction of energy
does not improve the estimation (2) over the ori
ginal estimate (l). In faot the best estimate is
regression (3) in Table 1 where capital is
adjusted for utilization by the ChristiansonJorgenson index of electricity actually used
divided by the maximum amount of energy that would
be consumed if the capital equipment were operated
2l|. hours a day, 36$ days a year f e 2_/. It would
seem then that electricity is better used as a
utilization adjustment, due to its assumed com
plementarity with capital, rather than as a sepa
rate input into the value added production func
tion.

Our first test is to introduce energy in the form
of electrical energy used into the value added
production function and observe if there is an

We can construct a similar test for oross-seotion
data for the year 1962. The dependent variable is
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(1+1) In PRODY = 0.01$ TIME + 0.19$ In BTH
? (3-S0)
(3.21+)
R^ = 0.22, DW = 1.81.

value added across two-digit industries in manu
facturing A 7 . The independent variables are
manhours f e 9J , gross capital stock f e l f e , and
electrical energy consumed f e _ - The regression
results are (t scores In parentheses):

97

(3)

As equations (1+) and (1+1) show, energy is signifi
cantly associated with productivity growth, but
there is also a significant time trend indicating
that other variables are also causing productivity
to increase. Unfortunately good data on these
omitted variables is difficult to find for the
time period in question. Thus their influence
will have to remain summarized in the time trend
until better data becomes available.

In V = 3.08 + .1+$ In L + .26 In K + .01+ In E
„ (3.70) (3.61)
(1.21+)
(0.26)
R^ = .80

(31) In V = 2.98 + .1+$ In L + .30 In K

( 1+.12) ( 3 . 73 )

( 3 - 22 )

R^ = .80

One alternative approach is to use oross-seotion
data on rates of productivity growth (19I+8-66)
for various two-digit manufacturing industries
fe S fe .
The independent variables are cumulated
real investment in plant (CIP) f e , 107. cumulated
real investment in equipment (CIE) 79,10 7,
cumulated real output (CVAM) f e , lo/Call of these
are proxies for learning by doing), variability
of output (VAR) f e 6f e , education of the workforce
(EDUC) f e & f e , ratio of research and development
to sales (RD) f e G J , yearly hours worked (HOURS)
J_ 6j ,
concentration ratio (C0NCEN) f e ^ f e , rate
of growth of the concentration ratio (C0NGR0)
f e S l , percent of the workforce unionized (UNION)
f e f e j , and the rate of growth of energy use
(EGROWTH) f e , \ f e . The results are reported in
Table 2.

The coefficient on energy is not significantly
different from zero in equation (3). Omitting
energy from the equation and reestimating yields
(31). The t scores are improved while r " does
not decline. It would appear that omitting
electricity as anything but a utilization index
is the correct choice.
2. TECHNOLOGICAL PROGRESS AND ENERGY
The results of the previous section indicate that
energy is not an omitted variable in the produc
tion function. However, energy may nevertheless
be a necessary ingredient in explaining produc
tivity growth or technical progress where output
per unit of capital and labor input increases.
There are two plausible hypotheses concerning
technical progress and energy use. The first is,
as stated by L. G. Brookes, "Once slack has been
taken up, the obvious way to increase output per
man is to put more power at each man's elbow"
f e ; p. 8 lf e ,
While Brookes does not preclude nonobvious ways to increase productivity, the impli
cation is that increasing energy use is the sole
or primary method of increasing productivity.
The opposing hypothesis would argue that techni
cal progress can be energy saving as well as
energy using and more closely related to such
things as increasing quality of the labor force,
learning by doing, reduction of barriers to
efficient use of resources, and other forces.
One way to test these hypotheses jointly is to
regress productivity growth on energy and a time
trend. The time trend will collect the influ
ences of omitted variables. If Brookes is right,
the coefficient on energy will be significantly
positive while the coefficient on time will not
be significantly different from zero. If the
alternative hypothesis is correct both coeffi
cients could be significant but the time trend
must be significant. In order to test these
hypotheses, we collected data on total factor
productivity, the usual measure of technical
progress, as computed by Kendrick (PRODY) f e f e ,
energy use in constant 1967 dollars (ENERGY)
fey and in BTU's f e f e , for the years 1929-1970.
The estimated equations in first differences to
reduce autocorrelation are

TABLE 2
DEPENDENT VARIABLE: PRODUCTIVITY GROWTH ACROSS
U.S. TWO-DIGIT MANUFACTURING INDUSTRIES
Regression:
Independent
Variable
CIP
CIE
CVAM
VAR
EDUC
HD
HOURS
C0NCEN
C0NGR0
UNION
EGROWTH

(1)
t
Coeffi
score
cient
-3.00E-$
1.10E-1+
-1.00E-$
8.81E-3
2.32E-1
-1+.62E-2
2.70E-0
-2.31+B-3
1.73E-1
-$.03E-2
2.29E-1
R2 = .1+9

(2)
t
Coeffi
score
cient

-0.1$
1.31+
-1.66
0.01+

l+.00E-$
$.00E-$

0.22
0.83

0.70

1.88E-1
$.9$E-3

0.71
0.06

-0.11+
-0.61
-1.91 -1+.92E-2
1.3U 1.00E-1
R2 = .31

-2.1+7

-0.31

1.30

0.79

All data in natural logarithms, N=20.
In the first regression using all the variables,
the EGROWTH coefficient is not significantly
different from zero. In fact the only signifi
cant variable is UNION which is negatively
related to productivity growth.
In the second regression a number of questionable
variables were dropped due to lack of signifi
cance or incorrect signs. Those variables with
strong a priori arguments for retention were

(1+) In PRODY = 0.011 TIME + O .313 In ENERGY
(2.61)
(1+.00)
R^ = 0.30, DW = 1.68.
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One final question we can ask is if there has
been a recent change in the energy elasticity.
Various experiments with recent years did not
show any significant changes in the 0.8 estimate
of energy elasticity.

retained, including EGROWTH. However, the re
sults are almost identical. EGROWTH is not
significantly associated with productivity
growth across industries in the postwar period.
It would appear that while energy use is posi
tively associated with technical progress, it is
not a prerequisite for such progress.

In conclusion, the evidence seems to be consis
tent with the hypotheses that energy is not an
omitted variable in the value added production
function, that energy use is associated with but
not a prerequisite for productivity growth, that
technological progress can be energy saving as
well as energy using, and that increasing output
measured as real GNP can be achieved with a less
than proportionate increase in energy use.

A third approach to the question of the impor
tance of energy growth for technological progress
is to examine the ratio of gross national product
to energy consumption. This would measure the
productivity of energy itself. This ratio is
reported for selected years from 1900-1973 below.
GNP is measured in constant 1967 dollars f e l j
while energy use is measured in quadrillion BTU's
f e , 1 1 , 12 / .
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PROSPECTING AND DEVELOPING COAL RESERVES
IN THE WESTERN INTERIOR COAL REGION
Charles E. Robertson
Missouri Geological Survey
Rolla, Missouri 65401

Abstract
Increased coal production in the Western Interior Coal Region is
anticipated. Development of coal resources in the region is,
however, beset by some serious problems including thin seams, high
sulfur content and dissection by pre-glacial and contemporaneous
stream channels. Problems frequently encountered in prospecting
and developing coal resources in the region are discussed.
INTRODUCTION

fields more than any other single factor.
Only the careful logging of drillholes
combined with a thorough knowledge of the
stratigraphy of coal-bearing strata in a
particular field can result in consistently
accurate correlations.

As the United States turns more and more
to coal as an energy resource, operators
are forced to look beyond the fringes of
existing coal fields for additional re
serves. Prospecting in new areas invaria
bly presents surprises and new problems.
Perplexing geologic problems invariably
confront all prospectors and are particu
larly bothersome to those new to a par
ticular area.
This paper anticipates increased coal pro
duction in the Western Interior Region in
the following decades and attempts to
alert prospective operators to geologic
problems likely to be encountered and to
offer possible solutions to these problems.
The geologic problems discussed are fre
quently encountered in prospecting and
developing coal resources in the Western
Interior Region. The author's field
experience is primarily restricted to the
coal fields of Missouri.
The geologic problems discussed may be
considered under the following major head
ings:
(1) correlation of coal seams, (2)
geologic characteristics of the coal
seams, (3) lithology of the host forma
tions, (4) geologic structure and (5)
buried stream channels.
CORRELATION OF COAL SEAMS
Perhaps miscorrelation or misidentifica
tion of coal seams in drillholes has con
tributed to misinterpretation of coal
449

In Missouri, coal-bearing strata consist
primarily of alternating beds of shale,
sandstone, siltstone, limestone, clay and
coal. More than 40 coal beds have been
identified, but less than half of these
are known to have been mined. Of these,
only 13 are of sufficient thickness and
areal extent to be considered sources of
potentially mineable coal. They are (from
oldest to youngest) the Rowe, Drywood,
Weir-Pittsburg, Tebo, Mineral, Fleming,
Croweburg, Bevier, Wheeler, Mulky, Summit,
Lexington and Mulberry (fig. 1). The dis
tribution and characteristics of these
seams have been discussed in detail by
Robertson (1).
Coal seams may best be identified by their
relationship to associated strata such as
roof slates, cap rocks, underclays and
underlimestones. Characteristics of the
coal seams, themselves, such as persistent
partings or bands may aid in identification.
The Bevier seam, for example, rests di
rectly on a 2 to 5 foot thick underclay
above the nodular Ardmore limestone with no
limestone cap rock over the coal bed. The
Lexington, Summit, Mulky and Croweburg
seams are characterized by roof slates and
limestone cap rocks. Some seams and their
associated strata, such as the Summit and
Croweburg seams in Boone County, so much

resemble one another that their strati
graphic positions must be determined be
fore positive correlations can be made.
This can be done by identifying overly
ing and underlying formations. Downhole
geophysics may aid in coal seam identifi
cation in such cases. For example, the
Summit roof slate characteristically
gives a stronger gamma-ray kick than does
the Croweburg roof slate.
GEOLOGIC CHARACTERISTICS
OF THE COAL SEAMS
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Quality, overall seam thickness and
lateral persistence are obvious important
seam characteristics. Partings, slips,
pinchouts and irregularities in top and
bottom of the coal seam are also impor
tant.
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The tendency of a particular coal seam to
be irregular or persistent in thickness
must be given careful consideration in
planning prospecting or mining programs.
Some stratigraphically lower coal seams
in Missouri such as the Rowe and Drywood
are irregular in thickness over large
areas. The Tebo and Croweburg seams, on
the other hand, are characteristically
persistent in thickness over large areas.
Others such as the Mineral, Bevier and
Lexington are lenticular in some areas
and persistent in thickness in other
areas. The reasons for variability in
thickness are many, and some of them are
discussed in the following sections.
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All Missouri coals are high in sulfur con
tent and are high volatile bituminous in
rank. The quality of Missouri coal is
discussed by Robertson (2).
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Clay or rock partings are important in
coal seam identification and in some
instances may present serious mining and
quality control problems. The Lexington
is a good example of a Missouri coal seam
with a persistent clay parting. In
Lafayette County (fig. 2) where the
Lexington is 14 to 22 inches thick, a
persistent parting of pyritiferous shale
or clay less than one inch in thickness
occurs 3 to 5 inches above the bottom of
the bed. Under the coal in this area a
thin layer of very pyritiferous clay or
"sulfur" band occurs.
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In Putnam County where the Lexington is
somewhat thicker, an upper bench about
21 inches thick is separated from a lower
12 inch bench by a clay band which averages about 2 inches in thickness.
In
some localities a still lower 3 inch coal
bench, "Dutchman" bench, is separated from
the lower bench by a 1-inch clay parting.
These partings though thin contribute con-

Figure 1
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siderable ash to the mined product in
thin coal seams.
The Bevier seam in northern Missouri is a
prime example of an important coal seam
in which a very troublesome parting or
"bench-rock" occurs. Over large areas in
Macon and Randolph Counties the Bevier
seam consists of one upper bench 30 to 42
inches thick separated from a lower bench
12 to 15 inches thick by a clay parting
approximately 1 inch thick. In these
areas the parting presents no particular
mining problem.
In some localities, how
ever, the parting thickens to between 5
and 15 inches or more and presents serious
problems.
In such areas the usual pro
cedure is to mine the upper and lower
benches separately removing the clay part
ing prior to mining the lower bench. The
parting thickens rapidly to become a
"split" west of eastern Chariton County.
In m o s t o f w e s te rn M is s o u r i, th e u p p e r
a n d l o w e r b e n c h e s o f t h e B e v i e r se a m a r e
s e p a r a t e d b y 10 t o 20 f e e t o f r o c k a n d
a r e i n e f f e c t tw o s e p a r a t e c o a l s e a m s . I n
t h e s e a r e a s t h e u p p e r seam r e t a i n s t h e
nam e B e v ie r a n d t h e lo w e r seam i s c a l l e d
W h e e le r .
The s p l i t t i n g o f c o a l seam s in
t h i s m a n n e r i s s o m e t im e s a s e r i o u s o b s t a 
c l e t o m in in g b e c a u s e o n e t h i c k seam i s
r e p la c e d b y 2 t h i n seam s s e p a r a te d b y a
th ic k in t e r v a l o f ro c k .

Pinchouts are simply areas in which the
coal thins to a feather edge. Coal beds
may pinch out near the edges of the basins
of deposition, over horsebacks, beneath
roof-rolls, near contemporaneous stream
channels or they may be associated with
splits.
The irregularities in the top and bottom
of coal seams known as roof-rolls and
horsebacks are troublesome in some areas
in Missouri. Roof-rolls are merely a
local thickening of roof strata accompa
nied by a corresponding thinning of the
coal seam. Roof-rolls may be caused by
lenticles of shale projecting into the
top of the coal, gradation of the top of
the coal into carbonaceous shale or siltstone or commonly in Missouri projections
of channel deposits into the top of the
coal. Roof-rolls in some Missouri coal
fields are really small slips which allow
slippage of roof rock downward into the
coal seam. Horsebacks are rolls in the
floor which intrude upward into the coal
seam. Features which have been termed
horsebacks in some Missouri fields are
apparently clay seams associated with
slips.
Roof-rolls and horsebacks have the effect
of reducing seam thickness and introducing
foreign matter into the seam.

Slips are geologic faults of small dis
placement and if numerous and closely
spaced can cause serious problems in min
ing or loading coal. Numerous slips
result in vertical displacement of small
segments of the coal bed causing an uneven
surface. Highly inclined clay seams which
traverse both the coal bed and cap rock
are often associated with slips. Both
the clay seams and vertical displacement
of the coal bed can cause considerable
difficulty both in underground and surface
mining.
In underground mining the seam
is often "lost" across slips and the roof
is weakened.
In surface mining the un
even surface causes difficulty in cleaning
the coal surface during stripping resulting
in the loading of much shale with the coal.
Segments of the coal bed which protrude
downward into the underclay cannot be
loaded, thus reducing coal recovery. In
thin seams very little loss in recovery
can be tolerated. Slips are known to be
troublesome in some areas in the Lexington
seam in Putnam County, the Mulberry seam
in northern Bates County and in the Mulky
in Audrain and Montgomery Counties. Slips
are difficult to detect even by closely
spaced drilling. They appear to be
associated with certain structural and
paleoenvironmental settings, but much
remains to be learned about the distribu
tion of these troublesome features.
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LITHOLOGY OF HOST FORMATIONS
Familiarity with the lithology or physical
stratigraphy of the host formations can
provide important clues to the correla
tion of coal seams and sometimes to their
quality and lateral persistence.
By identifying marker beds which lie above
a buried coal seam the depth and elevation
of the seam may be estimated. Maps which
approximate structure on top of target
seams may be prepared by projecting down
ward from identifiable marker beds exposed
at the surface. Such maps provide valuable
aids in guiding drilling programs.
Identi
fication of channel deposits which are
likely to extend downward replacing underlying coal seams can be of importance in
areas where channelization is a problem.
Lateral facies changes in overlying strata
may provide clues as to the paleodepositional environment of the coal seam and
thus to its lateral distribution and
quality. There are indications that sul
fur content and irregularity in thickness
of the Mulberry seam in Bates County are
related to facies changes in overlying
strata. Although very little work has
been done on this concept in Missouri, it
could become of greater importance as
exploration shifts to deeper coal deposits
at sometime in the future.

GEOLOGIC STRUCTURE
Anyone who has any experience in Missouri
soon becomes aware that the popular notion
of coal beds in the Western Region being
prime examples of flat-lying "layer cake"
geology is erroneous. Anticlines, syn
clines, faults and nondescript troughs and
"basins" are ubiquitous in many of
Missouri's coal fields. Although dips are
not so steep nor structural amplitudes so
large as in Appalachian or Rocky Mountain
coal fields, the thin coal seams of the
area can quickly be lowered beyond the
reach of stripping operations by these
structures.
Failure to be aware of geologic structure
has caused considerable trouble in mining
as well as misinterpretation of drillhole
data in Missouri. A common drilling error
in Missouri is the expending of time and
money drilling in the cores of anticlines
in which the target coal seam has been
removed by erosion subsequent to folding.
Another common error related to geologic
structure is failure to drill deep enough
to reach the target seam in synclinal
areas.
Small, irregularly shaped basins which are
particularly troublesome in mining opera
tions have been encountered in at least
one coal field. Because of their small
lateral dimensions (sometimes 150-200 feet
in diameter) they are difficult to detect
by drilling.
In the center of these
basins the coal seam may be 20 to 30 feet
lower than anticipated on the basis of
drillhole information. This, of course,
causes an unexpected increase in the
stripping ratio. These small basins may
also be associated with the severe devel
opment of slips. Narrow troughs are often
encountered which also cause an abrupt
descent of the coal seam a few to perhaps
10 or 15 feet. Sometimes the extra strip
ping depths in these troughs is compen
sated by the presence of somewhat thicker
coal. Faulting and steep monoclines some
times abruptly lower the coal bed a few to
tens of feet. Besides being troublesome
in stripping, the fracturing associated
with such structures weakens the roof in
underground mining.
BURIED STREAM CHANNELS
Buried stream channels of Pennsylvanian
age dissect and replace coal seams in
several Missouri coal fields. The best
example of this type of channelization is
the Moberly-Warrensburg channel in north
ern and western Missouri. Along these
channels sandstone frequently replaces
underlying coal seams. Channeled areas
such as these are very discouraging to
explorationists because the drainage

patterns are difficult to reconstruct and
blocks of coal are difficult to delineate.
Nevertheless, blocks of coal remain in
these areas and successful mapping of the
buried stream systems would greatly aid in
development of these dissected coal fields.
Coal beds in northern Missouri and Iowa
fields are dissected in certain areas by
ancient stream systems filled with glacial
deposits. The complexity of these buried
drainage networks discourages mine develop
ment in some areas where sizable blocks of
coal may remain in interfluve areas. The
Missouri Geological Survey is undertaking
the mapping of these channels as a part of
its current mapping program in the Bevier
and Mendota coal fields.
AVOIDING THE PITFALLS
Geologic mapping. Coal seams are geologic
strata. Therefore, a good geologic map
properly interpreted provides many clues
to understanding the areal distribution of
coal seams and associated strata. Geologic
maps are available for many areas from
state and federal agencies.
Geologic mapping done especially for coal
exploration should display those aspects
of geology which are directly related to
coal exploration and mining. The cropline
of the coal seams should be clearly shown
to guide exploration drilling. Old under
ground workings and strip pits should be
showp. Sedimentary deposits, such as
channel fills, that may interfere with min
ing should be accurately delineated. Faults
and areas of thin or faulty coal should be
shown if they can be determined. During
the course of mapping good outcrop des
criptions of the coal seams and associated
strata should be prepared. These will aid
in the identification and correlation of
coal seams encountered during the drilling
program. Particular attention should be
given to the structure of coal seams in
cluding partings, sulfur bands and irregu
larities in roof and floor such as rolls,
horsebacks and slips.
Structural maps. Preliminary structural
contour maps showing the elevation of the
top of coal should be prepared for each
mineable seam. Fault and fracture zones
should also be shown. All available data
including outcrop data and old drillhole
and mine records should be integrated with
field investigations to form the data base
for map preparation. Because existing
data is always rare in the beginning stages
of an exploration program the technique of
estimating the depth of coal seams from
exposed overlying formations is the key to
the preparation of preliminary structural
maps. To do this it is necessary to be
able to correctly identify key marker beds
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These and many other clues to the geology
of coal seams will be discovered by the
careful observer.

and estimate the top of coal seams from
known intervals.
It must be kept in mind
that although maps prepared in this manner
can be extremely helpful in the initial
stages of the drilling program, they only
give first approximation of the true
structural framework. As drilling pro
gresses, the structural maps should be
continuously revised.

Although in its infancy at the present
time, the use of satellite imagery prom
ises to be an effective tool in geologic
mapping. Individual frames cover very
large areas and, therefore, features too
great in scale to be covered by individual
areal photos can be detected. Such fea
tures that are of interest to coal geolo
gists and engineers are large folds,
faults and fracture traces. The Missouri
Geological Survey is using satellite
imagery as an aide in mapping buried pre
glacial drainage channels. As various en
hancement techniques are developed, satel
lite imagery will become more and more
valuable as a geologic exploration tool.

Drilling. There is no substitute for core
drilling to determine the depth, thickness
and quality of coal seams. If feasible,
some continuous core holes should be
drilled from the top of bedrock through
the target coal seam. This type of coring
provides invaluable information on the
nature of overlying strata, stratigraphic
intervals and facilitates positive identi
fication of coal seams. Often, however,
the cost of continuous coring is prohibi
tive. It then becomes necessary to drill
to near the top of the coal bed with a
rock bit and then core the coal-bearing
interval. When this procedure is used
the driller should be encouraged to keep
an accurate log of the strata penetrated
and to save cuttings for laboratory
examination. This provides the geologist
or engineer with the information he needs
to make more positive coal seam identifi
cations .

APPLICATIONS IN UNDEVELOPED DISTRICTS
Undeveloped coal districts in Missouri
which are illustrative of geologic prob
lems are discussed in the following para
graphs .
Undeveloped blocks of coal exist in the
Bevier and Mulky seams in northwest Macon
County and northeast Chariton County.
Dissection of the coal seams by buried
pre-glacial stream channels makes explora
tion difficult and expensive. The
Missouri Geological Survey is presently
mapping the buried stream channels thereby
hoping to block out interfluve areas for
drilling.

It is sometimes impractical to core drill
every hole because of expense. The al
ternative method is prospecting with a
rock bit relying on the driller's skill to
determine the elevation and thickness of
the coal bed. This is not a very satis
factory method since some rocks such as
roof slates and carbonaceous shales cut
like coal and the driller can easily over
estimate the thickness of coal seams or
miscorrelate the strata thus penetrated.
This is especially true in new areas in
which the driller is unacquainted with the
nature of the coal seams and associated
strata. The problem of erroneous thick
ness estimations and correlations can be
overcome to a great extent by a combina
tion of accurate drillers logs, logging of
cuttings and downhole geophysical logging.
In Missouri a combination of gamma ray,
density and resistivity logging often
gives satisfactory results. An occasional
core hole is still a must in any drilling
program, however.

The southern extension of the Bevier field
into
southern Randolph and Howard
Counties is complicated by folding and
faulting related to the prominent Brown's
Station anticline which extends into the
northeast corner of Howard County.
It is
hoped that in the near future detailed
geologic maps will be available to aid in
development of this potentially important
field.
Structure in the form of folding and fault
ing and pre-glacial channeling complicate
exploration and mining in the Mendota
field in Putnam County. Slips and rolls
are troublesome in the Mulberry seam in
northern Bates County.
A large area of undeveloped coal deposits
in the Rowe and Drywood seams extends
across parts of Barton, Dade, Cedar,
St. Clair and Henry Counties in western
Missouri. The discontinuous and lenticu
lar nature of these seams has discouraged
mining in the area. However, much coal
remains; and as more desirable deposits
are mined and committed to contracts,
attention will eventually turn to these
areas. Closely spaced drilling is

Remote sensing. Aerial photographs are
very helpfulin geologic mapping in the
Western Interior Region. Small abandoned
strip pits which mark coal croplines are
easily detected. Locations of abandoned
shafts and drifts are often indicated by
spoil piles. Sharp folds and faults often
appear as long narrow lines or cuestas
which can easily be detected when the
photographs are viewed stereoscopically.
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necessary to accurately determine size
and distribution of individual pods of
coal. Mining plans must be devised to^
account for the discontinuous and lenticu
lar nature of these coal seams.
In the Cainsville-Princeton area in
Harrison and Mercer Counties, a potential
coal reserve of 400 million tons recover
able by underground methods occurs in
seams 42 inches or greater in thickness.
This potential mining district is, how
ever, not without attendant geologic prob
lems. Preliminary drilling indicates the
presence of geologic structure in the form
of anticlines and synclines. Some of the
coal seams appear to be somewhat lenticu
lar and are replaced in some localities
by channel deposits. One of the more im
portant seams has a parting which thick
ens substantially in some localities.
These and other problems must be given
thorough consideration before mining in
this potential district becomes a reality.
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Favorable geologic conditions offset the
thin character of coal seams in two areas
in Missouri. The Lexington seam varies
in thickness from 21 to 34 inches over
wide areas in Ray and Clay Counties. While
this is too thin to encourage underground
mining at today's prices, a combination
of good roof and lateral persistency of
the coal seam has allowed extensive under
ground mining in the past. With an im
provement in the coal market and ^improved
thin-seam mining technology, mining might
be resumed in this coal field at some fu
ture date.
A similar situation exists in Linn County
and parts of Adair and Macon Counties.
There the Croweburg seam varies in thick
ness from 21 to 36 inches beneath a
reportedly good roof.
CONCLUSIONS
Carefully planned prospecting programs
including geologic mapping, interpretation
of aerial photographs and satellite imag
ery and more careful logging of drillholes
can help avoid many potential pitfalls
and provide a sound data base for develop
mental planning. Downhole geophysics
should supplement drilling when rock bits
are used.
Careful attention to the geologic princi
ples discussed in this paper can help in
understanding difficulties encountered in
prospecting and developing coal fields in
the Western Interior Region.
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COAL-OIL SLURRIES AS A DEVICE TO CONSERVE
FUEL OIL IN EXISTING INDUSTRIAL FURNACES
Lee Carter
Registered Professional Engineer
Kirkwood, Missouri

Abstract
Coal-oil slurries constitute a device for extending the supply of
heavy fuel oil by admixing up to 40$ of ground coal. The resultant
slurry can be pumped and burned in standard heavy fuel oil equipment.
This paper deals with history, technology and the ERDA program for
exploiting the coal-oil slurry idea. It offers a prognosis for
program execution and final outcome.
1.
1.1

DESCRIPTION, TERMINOLOGY AND HISTORY

cene oil to make a product suitable
for applications in which heavy
liquid petroleum fuels had been used.
In this case, the solid and liquid
were particularly compatible, yield
ing a stable mixture in which the
coal was practically dissolved in the
anthracene.

DESCRIPTION AND TERMINOLOGY

The subject of this paper, "Coal-Oil Slur
ries as a Device to Conserve Fuel Oil in
Existing Industrial Furnaces," involves an
innovative procedure that could decrease
fuel oil consumption by about 40$ wherever
it is applied.

Coal-oil ratio - This can be varied
over a wide range with pumpability
being the governing factor as the
percentage of coal is increased. A
typical coal-oil slurry contains 40
weight $ coal.

Large public-utility operated boilers in
steam electric power plants have for many
years burned pulverized coal. The idea of
combining pulverized coal with oil will be
traced through its historic evolution as
this paper progresses. Various terms have
been used that relate to coal-oil slurry
as presently defined and visualized:

Surfactants - By analogy with soap as
a suspending agent for solids and
oils in water solution, certain soap
like materials seem to help keep coaloil slurries stable. Their effective
ness could depend upon traces of water
also being present.

Colloidal fuel - In the 1920s and
1930s when this term originated,
there was an underlying belief that
if coal could be ground fine enough,
coal-oil suspension would be perma
nent. Colloidal sizes are, as a mat
ter of fact, far smaller than are
presently practical for commercial
compounding of coal-oil slurries.

Where can coal-oil slurries be used?
One
way to be effective in reducing dependence
on petroleum imports would be for at least
some current use of heavy fuel oil to be
displaced by coal-oil slurry. For this to
happen two factors will be involved:
(l) conversion is more likely to occur
in regions that are particularly short
of heavy fuel oil and where that product
is especially expensive, and (2) boiler

Fliesskohle - In the 1930s in Germany
concern over foreign oil supplies led
to experiments with a mixture of pow
dered coal and a coal-derived anthra
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designs that originally contemplated coal
as a fuel and subsequently were adapted to
oil are more likely to be appropriate for
conversion. Conversion to slurry can be
effective over a wide range of boiler/
furnace sizes, but the most likely include
neither the smallest industrial units
(where simplicity will overrule other con
siderations) nor the largest systems in
major power generator stations (which are
already equipped in many cases for concur
rent coal and oil burning, each fuel hav
ing its own burners).

It was during the period between the wars
when comparatively little work was going on
that the term "colloidal fuel" was first
introduced to describe a hoped-for effect
that would keep slurries from settling. The
property contemplated was the ultra-fine
subdivision of the coal into particles that
are of truly colloidal dimensions.
Such
fine grinding was never economically accom
plished, and the hope for permanence in
slurry suspension due to small coal parti
cle size was abandoned.
Other approaches were also made toward the
stabilization of coal-oil slurries. It
was early discovered that certain soaps or
greases (petroleum lubricating grease con
tains a rosin-based soap) helped a slurry
to maintain its homogeneity and not settle
out.

In a major power station which has already
installed burners for both pulverized coal
and heavy fuel oil, mixing the two fuels
before firing would show no particular ad
vantage. In other applications nearer the
middle of the spectrum of boiler size,
there are some real advantages to using
the slurry. When compared to the convey
ors and air lifts used for coal, substitu
tion of a pumpable fluid offers a much
more straightforward way for transporting
the fuel both between the producer and the
consuming plant and within the consuming
plant from receiving tanks to burners.
Instrumentation and controls already in
place for oil burning are much more adapt
able to slurry than they would be to coal,
as such.
1.2

The efforts of German researchers in the
1930s to avoid the need for imported petro
leum resulted in the product Fliesskohle,
which already has been mentioned. This
product (ground coal and coal-derived an
thracene oil) illustrates a third way for
stabilizing coal-oil slurries. That is to
have an oil high in aromatic hydrocarbon
content which is more compatible with coal
than are other oils. Because coal tends to
partially dissolve in anthracene, the lat
ter becomes an excellent slurry solventvehicle .

HISTORY

The idea of burning coal and oil together
in slurry form has been around for a long
time. The first proposal for such activ
ity was made in Britain in 1879. During
World War I, maritime users of oil for
ship propulsion fuel (both merchant and
naval) felt considerable concern for pos
sible failures to keep available adequate
supplies of oil (sometimes obtained from
very distant oil wells). At that time,
coal was still widely used for fuel not
only in certain older ships but also in
industrial, commercial and residential
furnaces. Thus, both of the raw materials
for slurries were widely available through
well-evolved distribution networks. Be
cause equipment for handling and burning
liquids is inherently less complex than
equipment for burning solids, the slurry
idea held out attractions for convenience
as well as for spreading out the expected
limited supplies of oil.

American interest in coal-oil slurries,
which was fairly high at the end of World
War I, hit its second peak early in World
War II. This was due to submarine warfare
which seriously disrupted the tanker move
ment of oil from the U.S. Gulf of Mexico
ports to the Northeastern states. It was
proposed to use coal-oil slurries to over
come the short-fall in fuel oil deliveries.
However, successful anti-submarine warfare
and new pipelines up the East Coast both
quickly ended the need for substitute fuels,
and the oil burning installations reverted
to business as usual.

In spite of the advantages cited, maritime
interest waned at the end of World War I.
The petroleum industry was expanding every
where. The demand for gasoline increased,
and heavy residual oils came on the market
almost faster than consumers were ready to
burn them. There was some further British
research (where coal held out a little
longer), but the whole subject tended to
fade away.
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After World War II there was a steady low
level (in real terms often a declining
level) of petroleum prices so that no par
ticular incentives existed for working with
coal-oil slurries. This situation changed
abruptly with the Arab oil embargo of Nov
ember 1973 and the subsequent more than
trebling of world oil prices. American
efforts to overcome these problems quite
properly include a reappraisal of coal-oil
slurries. This is a current program of the
U.S. Energy Research and Development Admin
istration (ERDA).
1.3

THE PRESENT SITUATION

The present state of the art of coal-oil
slurry production and burning is influenced

by a number of factors. One major diffi
culty that has to be faced is the elimina
tion of coal as an accessible-on-the-openmarket commodity. Today, consumption of
coal in the United States has essentially
only two user groups. These are (l) the
major electric power generating companies
and (2) the smelters of metal, particularly
the users of metallurgical coke. Both
user groups buy in massive quantities and
under direct contract from the producing
mines. Thus, in contrast to the early
1920s when any major city would have had
a whole field of highly competitive coal
dealers, today the retail coal dealer is
nearly extinct.
A corollary to the near extinction of the
role of coal merchant is the present day
difficulty of opening a new coal mine, ■
With customers so limited and orders so
big, a new mine is an extremely expensive
venture. Although the energy crisis of
1973 was already two years behind us, the
Bureau of Mines (Weekly Coal Report, De
cember 30, 1975) reported only a 6.5$ in
crease in coal production in 1975; 1976
was running at less than a 5$ increase
through August. Clearly, extensive adop
tion of coal-oil slurry fuels will require
expansion of coal production. However,
compared with reversion to 100$ coal,
slurries would place less immediate total
load on the demand for coal at the mines.

of Defense, the Department of Commerce,
Alberta Research in Canada, and Pennsylvania
State University all have current or recent
activity in this field.
2.
2.1

Among the more positive factors in the
present state of the art, coal grinding
(especially in major power stations) is
more common and more technically sophis
ticated than ever before. In general, it
is believed that users of slurries will
not find serious obstacles in the grinding
area.
Knowledge of the chemical make-up of petro
leum oils that might be slurry components
is also greatly advanced over what pre
vailed in earlier years. The subject of
slurry stabilization, whether by the use
of surfactant compounds or by the more
careful selection of coal and oil for compatability is now much better understood
than it was earlier.
As might logically be expected in the
present period of energy shortage and
price rises, the ERDA and others are tak
ing renewed interest in coal-oil slurry
utilization. Without offering an exhaus
tive catalog of interested parties, it is
noted that General Motors, the Department

IDENTIFICATION OF ERDA AND
DEFINITION OF ITS ROLE

The Energy Research and Development Admin
istration is a post-energy-crisis (1974)
agency of the United States Government. In
it are combined former officials and func
tions of the Atomic Energy Commission and
the Office of Coal Research. The latter
originally was in the Department of the In
terior. As its name implies, ERDA is con
cerned with energy in all of its forms and
aspects, including the subject of the pres
ent paper.
The work which presently either is underway
or planned by ERDA in the field of coal-oil
slurry utilization can be divided into
planning, research, industrial demonstra
tion, public utility demonstration, econom
ic evaluation, and (evolving out of all of
these activities) the establishment of coaloil slurries as an article-of-trade which
in the future can be ordered from a fuel
vendor rather than having to be prepared in
each consuming plant.
2.2

In contrast to the nearly extinct coal
dealer, the merchant in coal-oil slurries
remains to be born. The evolution of coaloil slurries has yet to arrive at the
point where each user is not obliged to
make his own.

THE CURRENT ERDA PROGRAM

CONTINUING PLANNING ACTIVITIES

ERDA/Fossil Energy is the central group
that concerns itself with the organization,
funding, planning and administration of
pertinent coal-oil slurry combustion pro
jects which are ERDA sponsored. As such,
its responsibilities continue through the
whole range of activities into which the
current program is divided. The specific
duties involved include, in addition to inhouse projects, the selection of partici
pating contractors, the definition of con
tractor duties, the receipt and examination
of contractor reports and the initiation of
any adjustments necessary during the course
of the in-house or contract work to maxi
mize the useful results from each program
component. Because the coal-oil slurry
combustion program is a dynamic one, plan
ning is a continuous process.
2.3

RESEARCH-ORIENTED ACTIVITIES

For the purpose of control, many research
activities can be logically divided into
initial and advanced components. Initial
component work should enable all of the in
terested parties to grasp the idea of
whether genuine progress is being made. It
also will enable the exact definition of
advanced component work to be made in the
light of real observations not yet avail
able when activity was first authorized.

volumetric and other configuration
requirements that will get optimum
results from coal-oil slurries.

Among the research-oriented, coal-oil slur
ry activities that will require attention
are:
(l)

(2)

(3 )

Optimum coal types - Coals differ
widely, and the selection of the
coal to go into a slurry is unlike
ly to be just an arbitrary matter.
The range of factors that might in
fluence selection of a particular
coal would include its (a) calorif
ic value, (b) sulfur content, (c)
ash content, (d) ash melting point,
(e) grinding characteristics, (f)
density, (g) response to paraffin
hydrocarbons, (h) response to aro
matic hydrocarbons, as well as
(i) price and (j) availability.
Some of these factors can be looked
up in a book; others will have to
be tried in the laboratory. It
seldom happens that one coal will
be "best" in all categories. There
fore, trade-off judgment involves
the balancing of one pattern of
good and bad qualities against some
other pattern of good and bad qual
ities. If solvent de-ashed coal
were economically available, it is
believed that it would be a good
choice for slurry combustion.
Optimum fuel oil types - Fuel oils,
like coals, also differ widely. In
fact, they differ so widely that
the term No. 6 Fuel Oil is a rather
broad specification. It calls for
a definite minimum flash point and
a definite maximum viscosity. With
in these boundaries, refiners might
sell not only non-volatile residuals
but (blended with them) other sur
plus oils as long as the mixture
complies with specifications.
Grinding, mixing and stabilizationSome research is required into the
best mechanical procedures for mak
ing coal-oil slurries. This will
include studies of the effect of
particle size distribution, advan
tages and disadvantages of wet ver
sus dry grinding, chemical composi
tion of the coal and the oil, and
the specific function of additives
in stabilizing slurries.

(6)

Pollution control - Experimentation
is needed to optimize methods of
preventing ash, sulfur dioxide and
other effluents from exceeding en
vironmental standards and to charac
terize emissions where additives are
employed as a fuel stabilizer.

At this point, it is appropriate to intro
duce a set of six slides which have been
furnished by ERDA to illustrate some of
their current research work. These slides
were prepared at ERDA's Pittsburgh Energy
Research Center.
The first slide is a picture of a 100horsepower fire-tube package boiler which
was surplus from some earlier experiments.
It is of Cleaver-Brooks manufacture and
originally was intended to fire oil or gas.
Comparatively minor modifications, some of
which are apparent on succeeding slides,
were made in order to conduct coal-oil
slurry test burnings. A principal goal of
this initial work, which will soon be sup
planted by larger and more extensively in
strumented equipment, has been to measure
and evaluate corrosion and deposits in a
small fire-tube boiler.
The second slide is a view of tankage and
pumps installed for the coal-oil slurry
experiments. There is a total of four
tanks, also taken from surplus stocks.
Their function will be described when we
get to the flow sheet.
The third slide is the manufacturer's cut
away view of the four pass, fire-tube
boiler used in the experiments. It is a
standardized skid-mounted unit of a widely
used type .
The fourth slide is an illustration of
thermocouple attachment to selected tubes
in the test boiler. Two new tubes of
known metallurgical background were in
stalled in each of the last three passes.
Each of these six tubes bears three tubewall thermocouples to permit a continuous
examination of temperature gradients dur
ing test operation.

(4)

Handling and storage - It is neces
sary to identify the types of tanks,
pumps and other equipment best
suited to efficient transportation,
storage and delivery to the point
of burning of coal-oil slurries.5

The fifth slide is a front view of the air
atomizing No. 6 fuel oil burner installed
for the coal-oil slurry tests. Apparently
it worked satisfactorily. Burner manufac
turers contacted by the author of the pres
ent paper indicated that they would prefer
to use steam atomizing equipment.

(5 )

Burning experiments - Research is
required into the atomization pro
cess at the burners, the flame
characteristics and the furnace-

The sixth slide is a simplified flow
diagram of the experimental unit. There
are two steam-heated fuel oil storage
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tanks and two steam-heated slurry tanks.
One of the latter Is the mixing tank, and
the other is the holding tank from which
slurry is pumped directly to the burner.
The coal for this unit is not ground in
the immediate work area but rather at a
multi-purpose grinder installation several
blocks away in another part of the Pitts
burgh Energy Research Center. Ground coal
(90$ through 200 mesh) is received in
steel drums and added to the mixing tank.
2.4

of the oil- or gas-based steam design (2)
installation is stipulated in the range
30,000 to 120,000 pounds of steam per hour.
The size of the direct-fired industrial
process (3) installation is stipulated in
the range 10 million to 100 million Btu
per hour.
2.5

UTILITIES DEMONSTRATION PROGRAMS

As a counterpart of the three industrial
projects just described, it is also con
templated in the January 21 announcement
that the public utilities will participate
(both physically and financially) with
ERDA in demonstrating how coal-oil slurries
can be adapted to their needs in two dif
ferent installations.

INDUSTRIAL DEMONSTRATION PROGRAMS

ERDA made a public announcement in the
official U.S. Commerce Business Daily
dated January 21, 1976 that it was seeking
sources for the conduct of a complete
development program in coal-oil slurry
combustion.

One utilities demonstration plant is stip
ulated to involve a steam generator origi
nally designed for coal which, at some
intermediate date, had been converted to
oil or gas. It is to be associated with
a turbine electric generating system de
manding at least 500,000 pounds of steam
per hour.

One designated aspect of this announcement
is the participation of private manufac
turing industry. It is an apparent policy
position of ERDA that the financial (as
well as physical) participation of indus
trial firms ought to be obtained. A recent
article in Science magazine (August 20,
1976) suggests that complications may
arise and that voluntary proposals to con
duct demonstration projects and to share
expenses are rather difficult to come by.

The other utilities demonstration plant is
required to meet all of the above-described
conditions but on a steam generator origi
nally designed for gas or oil as the only
fuel.

The programs for private industry partici
pation which were announced on January 21,
1976 deal with metallurgical industries
separately from general manufacturing
industries.

2.6

ECONOMIC EVALUATION PROGRAMS

Concurrent with the above-described indus
trial and utility demonstration programs,
an initial approach will be made to the
economics of coal-oil slurry burning. This
work will enjoy the co-sponsorship of the
Federal Energy Administration as well as
the ERDA and will draw from real-world
applications.

In the case of the metallurgical indus
tries, retrofit equipment and,techniques
are sought for installation in a commer
cial blast furnace having a minimum ac
ceptable hot metal capacity of 500 tons
per day. The percentage of total fuel
requirements to be met by coal-oil slurry
cannot possibly be 100 because coke, in a
blast furnace, has non-fuel functions.
However, the firing of blast furnace
stoves is one area in which coal-oil slur
ries can be directly applied.
In the general manufacturing industries, a
100$ substitution of coal-oil slurry for
the former fuel is much more likely. Here,
three demonstrations are contemplated:
(l) on an industrial steam generator orig
inally designed for coal which, at some
intermediate date, had been converted to
oil or gas, (2) on an industrial steam
generator originally designed for oil or
gas, and (3) on a direct-fired industrial
process heater where direct contact is ob
tained between the combustion gases and
the material being processed. The size of
the coal-based steam design (l) installa
tion is stipulated in the range 50,000 to
120,000 pounds of steam per hour. The size
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Some of the economic evaluation in its
final form is recognized as being depends
ent on the completed work in research and
industrial/utility demonstrations. If new
understanding and appreciation of the pro
cesses involved are in fact generated dur
ing research and industrial/utility demon
stration, the corresponding economic anal
ysis will recognize the actual findings of
that work.
2.7

COAL-OIL SLURRIES AS AN
ARTICLE OF TRADE

This is the ultimate test of the total
program. Category V in the Commerce Busi
ness Daily announcement calls for a slurry
mixing and distribution facility for the
optimization and marketing of a stable
suspension to multiple users under a single
general specification.

Similarly, the execution of researchoriented activities partakes of the same
general administrative problems when the
research is undertaken by in-house staff.
In-house in this sense includes the Pitts
burgh Research Center of ERDA, which is
staffed-by federal civil servants.

There are various ways in which this can
be established. As an illustrative exam
ple, an oil refiner located in a coal pro
ducing region might undertake a slurry
burning demonstration on one of his oil
refinery furnaces. Having conducted suc
cessful experiments leading to satisfac
tory coal-oil slurry specifications, such
an oil refiner might continue to burn the
product and begin to offer the same pro
duct to nearby industrial plants. As the
slurry sales volume increases, the busi
ness of slurry vendor would evolve into a
permanent activity. At the same time in
dustrialists exploring'conversion to slur
ry would be able to deal with an estab
lished slurry supplier.
Shipments by tank
car, tank truck and barge might become
normal, especially in the Northeastern
states where the economics of such opera
tions are likely to be most favorable.
3.
3.1

The one significant difference in the op
tions available to ERDA lies in the ratio
which will exist between in-house and con
tracted research. Unlike planning, Where
the major share has to' remain in-house to
justify even having a house, research can
occupy a wide range of mixtures. A 10$ Inhouse and 90$ contracted program could be
justified without damaging the prestige and
power of the agency. By contrast, ERDA
could undertake a much larger percentage of
in-house work without significant criticism.
Finally, the execution of economic evalua
tion programs is flexible as between inhouse, other government agencies and out
side contractors. The other government
agencies that are expected to take an in
terest in economic evaluation are the
Federal Energy Agency (primarily concerned
with pricing and controls) and the Federal
Power Commission (primarily concerned with
the regulated public- utilities). In the
economic evaluation area, ERDA will be up
against fairly powerful and entrenched
bureaucracies who appear to have consumer
ism on their side. Therefore, ERDA may
have to tell them some unpleasant truths.

PROGNOSIS FOR PROGRAM EXECUTION

DIRECT EXECUTION BY ERDA
IN-HOUSE STAFF

Essentially, the areas of interest for
direct program execution by ERDA in-house
staff are (l) continuing planning activi
ties, (2) research-oriented activities and
(3 ) economic evaluation programs, all of
which are described separately in Chapter
2 of this paper.
The execution of continuing planning
activities is a most important role for
any research and development agency. Any
failure to perform that role would tend to
negate the whole reason for being a re
search and development agency. Thus, the
in-house staff might really have no more
important assignment than to see to the
correct and adequate planning of its work,
some details of which can be assigned inhouse and some details of which can be
contracted out to others.

Overall, the ERDA staff is considered by
well qualified observers to be technologi
cally competent although perhaps politi
cally vulnerable. They can be expected to
do a satisfactory in-house job on the coaloil slurry program.
3.2

CONTRACT ADMINISTRATION - GENERAL

In contract administration, in-house work
is automatically excluded because it has
no outside contractor to be the subject of
administration.

The earlier reference to Science magazine
for August 20, 1976 raises the problems
which ERDA faces as an arm of government
and an arm of scientific research. There
are political reasons for starting, stop
ping and continuing various projects.
These political reasons can subvert the
scientific reasons and can result in un
productive expense to appease regional or
occupational pressure groups. Because
ERDA is a young organization, recently
composited from the Atomic Energy Commis
sion and the Office of Coal Research, it
tends to have to build from scratch what
ever position of political strength it
wishes.
It would be unrealistic to say
ERDA doesn't wish a position of political
strength because, without such position,
it stands to be weak and vacillating.

As already cited in Chapter 2 of this
paper, there are four expected areas of
contract administration:
1)
2)

Industrial demonstration
Utilities demonstration

3)
4)

Economic evaluation
Coal-oil slurries as an article
of trade

1
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Each of these areas will involve different
contractor attitudes toward technological
details, financial arrangements, deadlines,
reporting, and completion or termination
of the relationship under which work was
performed.

3.3

program in that field. That program has
been reviewed in some detail covering plan
ning, research (illustrated with six slides),
demonstration programs, economic evaluation
and the establishment of coal-oil slurries
as an article of trade.

CONTRACT ADMINISTRATION INITIAL COMPONENTS

The term "initial components" is used to
describe that portion of an assignment
(made by ERDA to an outside contractor)
which embraces both the launching of the
work and the definition during the early
stages of the work of what will eventually
become its advanced components.
The launching of the work is an easy con
cept to grasp. By the time contract nego
tiations are essentially completed, both
ERDA and the contractor will have a fair
visualization of what to do first.
The definition during the early stages of
the work of what will eventually become
its advanced components is more difficult.
As an extreme example, consider a program
that has been launched but in all logic
ought to be abandoned as misconceived or
unproductive. Can the contract adminis
trator recognize the truth, and has the
contract administrator courage enough to
face the truth?
Alternatively, consider a more modest
assumption. Suppose a really unimagina
tive contractor puts forward a set of ad
vanced components that will only prolong
the agony without solving the problem.
Again, perception and courage are both
required from the contract administrator.
3.4

After a quick review of the prognosis for
ERDA program execution, we are now ready to
try to answer the final question: What is
the logical outcome of the coal-oil slurry
program?
This program will probably have only a
transient effect in the American energy
picture. It is more concerned with conver
sion of existing furnaces in a way that
permits a stretch-out of resources than it
is with potential new designs of furnaces
adapted to some fuel-of-the-future. Never
theless, if promptly developed, the interim
effect of burning coal-oil slurries will be
salutary to the economy and to the concept
of energy independence.

Biography
Lee Carter, Registered Professional Engi
neer, is a sole-proprietorship consultant
organization bearing the name of the author
of this paper. In the broadest terms, his
field of interest is engineering economics
(embracing studies and investigations in
energy, chemical engineering, industrial
development, and the feasibility of river
ports and marine terminals). A graduate
of Purdue (B.S.Ch.E. '40) and Cornell (M.S.
Eng. '45), Mr. Carter has been a naval
ordnance officer in World War II, a process
engineer and author of proposals and re
ports for Stone and Webster and the Senior
Vice President in charge of studies and
investigations for a major St. Louis con
sulting firm.

CONTRACT ADMINISTRATION ADVANCED COMPONENTS

The term "advanced components" describes
the later portion of an assignment. To
some degree, the work of executing ad
vanced components depends upon detailed
definitions that were achieved in the
initial stages of the same work.
In administering advanced components work,
the ERDA staff will have to face a new
set of problems. In particular, there is
a need for realism as a project approaches
completion. One can explore a problem
with theories and hypotheses, but to state
a solution can require a more down-toearth approach.
Although it certainly is not necessary to
have separate personnel to administer ini
tial and advanced work, it is desirable
that the ERDA project manager change his
viewpoint as the work progresses so as to
accommodate the above-described ideas.
4.

PINAL OUTCOME

Having introduced the coal-oil slurry con
cept and having presented some insights
into its nature, terminology and history,
this paper has turned to the current ERDA
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IN SITU LEACHING OF URANIUM
Nicholas H. Tibbs
Nuclear Raw Materials Branch, Tennessee Valley Authority
Chattanooga, Tennessee

Abstract
In situ leaching is a relatively new production method for uranium
with several advantages. It will contribute an increasing portion
of uranium supply as production turns to deposits inaccessible to
conventional mining methods.
1.

INTRODUCTION

the Shirley Basin of Wyoming. By 1963 this was an
(3)
accepted technology in this district. ' However,
unfavorable economics soon caused production to
shift to other methods, and today the old leach
ing patterns in the Shirley Basin have been mined
(4)
out by open pitting.' ' Recently, the increased
prices and demand for uranium in the near term
have caused a resurgence of interest in in situ
leaching. In Texas, some operations are in
commercial production, and several other pilot
operations are underway or planned in Texas and
Wyomi ng.

Many sandstone-type uranium deposits are not
readily accessible to conventional mining tech
niques. Reasons for this include (1) unfavorable
economics which result from small deposit size
and low ore grade, (2) unsafe conditions caused by
unstable ground or excessive water, and (3)
environmental constraints such as ecological or
aesthetic objections to open pits, spoil piles,
and mill wastes. In situ leaching can overcome
these problems, thereby broadening our uranium
resource base.

2.

In addition to the above advantages, in situ
leaching requires a shorter lead time before pro
duction begins. The capital investment before
production is much less than that required for a
conventional mine-mill complex.^ But, although
the recovery factor for in situ leaching
approaches that of underground mining, where
deposits are accessible and economic to produce
through a conventional technique, presently more
efficient utilization of a scarce resource will be
realized by using the conventional method.

2.1

DESCRIPTION OF THE TECHNIQUE

GENERAL METHOD

Figure I schematically depicts the process of in
situ leaching of a typical sandstone-type uranium
deposit. Cased bore holes from the surface into
the ore body are used for injection and production
of a lixiviant. The lixiviant dissolves uranium
as it migrates through the permeable ore, and the
contained uranium is then recovered in a rela
tively small plant on the surface. Flow rates are
balanced in the leach field such that production
equals or slightly exceeds injection. This con
tains the lixiviant in the leaching pattern.
Monitor wells are strategically placed around the

The basic concept of in situ leaching of uranium
had been developed by 1952.^
Commercial testing
of in situ leaching of uranium began in 1961 in
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2.3 LEACHING CHEMISTRY

perimeter of the leach field, and in the event
that an excursion of lixiviant is detected, flow
rates are immediately adjusted to recoup the
errant solutions.

Simplistically viewed, in situ leaching is a
reversal of the process by which the uranium ore
deposit was formed. As uranium was precipitated
when dilute oxidized solutions migrated into a
zone of reduction, reoxidation of the uranium
should permit solution, and indeed highly oxygen
ated water will slowly dissolve most uranium
minerals common to sandstone-type deposits.
However, in order to obtain a high concentration
of uranium in the pregnant liquor, additional
reagents are necessary. Most operations use a
mixture of sodium or ammonium carbonate and
bicarbonate with an oxidizer such as sodium
chlorate, hydrogen peroxide, or oxygen. This
alkaline system permits a total recycling of the
lixiviant because it is selective for uranium,
and there is little buildup of extraneous ions in
the solutions which would create difficulties in
recovery. In deposits which are high in sulfide
content, however, the consumption of reagents
becomes a significant factor. Under these circum
stances, sulfuric acid with an oxidant is the
appropriate lixiviant. This system is not selec
tive for uranium, and where contaminant buildup is
severe, provisions must be made for frequent
bleeding of lixiviant from the process circuitry.
A much larger evaporation pond (see Figure 2) is
necessary when extensive bleeding is required to
maintain process efficiency.

Figure 2 illustrates a simplified flow chart for
an in situ leaching project. In the ideal opera
tion, recycling of all solutions is practiced to
minimize costs and waste disposal problems. A
typical plant including leach field would occupy
a total of 4 ha (hectares) with portions of the
leach field being reclaimed as they were depleted,
and new areas being developed as production
schedules demanded.
2.2 THE LEACH FIELD
Production and injection wells are constructed in
contiguous patterns along the ore deposit.
Typical unit patterns are illustrated in Figure 3.
Figure 3.A is a design from the first commercial
in situ leaching operation in the Shirley
( 3 ) This design was dictated by an
Basin.
unusually high regional ground water gradient.
Figure 3.B is the most common pattern in use today
and is known as a 5-spot pattern. To compensate
for local conditions, this pattern is often elon
gated in the direction of ground water flow.
Other patterns include the inverted 5-spot
(reverse injection and production wells in Figure
3.B), the hexagonal shaped 7-spot and the inverted
7-spot. Patterns are generally less than 30 m
(meters) across, and the typical throughput of
lixiviant is less than 75 1/s (1iters/second).

2.4 SURFACE FACILITIES
Surface facilities for in situ leaching plants are
much smaller than the conventional mine-mill
complex which normally would be required. The
conventional head frame or large pit at the mine
site is replaced by a maze of plastic plumbing,
small pressure gauges and control panels, and a
few scattered surge tanks (frequently, just simple
rigid-frame swimming pools) for equalizing
solution flows to and from the leach field.

In the Shirley Basin operations, the wells were
cased with stainless steel and the annulus was
sealed just above the ore deposit with cement.
Upon abandonment of the pattern, this casing was
pulled and reused. Occasionally, casing was lost
by this method. Present day operations use plas
tic well casing including the screen placed at the
ore horizon. To prevent vertical migration of
fluids, the annulus between the well and the cas
ing is filled with cement from just above the
screen to the surface. When the well is aban
doned, the casing is cut off below the surface,
(5)
then the well is plugged and covered with soil.' '

At the recovery plant the noisy grinding circuit
and odorous leaching circuit of the conventional
mill are eliminated. The clarified pregnant
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However, pilot testing (phase D, Table 1) is
required for a final determination of the feasi
bility of an in situ leaching project.

liquor goes directly into an ion exchange circuit
(see Figure 2). Also eliminated is the need for
a large area for tailings disposal as the 99.8
percent waste in the ore is left in place, along
with much of the radium and other daughter
products of the uranium.

Table 1
Procedure for Developing an In Situ
Leaching Project

The ion exchange circuit must be very efficient;
consequently, it is the heart of the recovery
plant. There are almost as many different systems
in use as there are operations. These can be
divided into two main categories - fixed bed and
moving bed. In the fixed bed systems the preg
nant liquor is allowed to flow up or down through
the ion exchange resin in a tank. When the resin
becomes "loaded" with uranium, the flow of preg
nant liquor is diverted and the bed is then eluted
with another solution. To assure efficient
recovery, the pregnant liquor usually is passed
through more than one bed of resin. In the moving
bed systems, resin moves in slugs counter to the
flow of the pregnant liquor, and when it is loaded
to the optimum amount, the resin is transferred
to an elution circuit where it moves counter to
the eluent flow.

A. Acquisition, discovery, and proving of
potential ore deposit
B. Satisfaction of preliminary physical and
chemical requirements. For in situ leaching
these include:
1. Determination of amenability of ore to
leaching including preliminary selection
of lixiviant.
a. Carbonate-rich ore indicates alkaline
process.
b. Sulfide-rich ore indicates acid
process.
2. Detailing of ground water regime. The
following hydrologic conditions are
favorable:
a. Low regional gradient
b. Deposit below water table
c. Impermeable strata above and below
the deposit resulting in a confined
aquifer
d. Ore in a permeable horizon
C. Selection of method. In situ leaching would
be favored in any of the following situations
1. Most economi c method
2. Deposit is inaccessible to alternate
methods.
3. Requirement for minimum surface impacts
during mining
D. Pilot testing to determine feasibility
1. Detailed hydrologic investigation
2. Pilot plant production
E. Full scale production

After elution the barren lixiviant is reconsti
tuted and recycled to the leach field. Any excess
solutions are diverted to an evaporation pond
which is lined with plastic to prevent solution
losses.
The eluent from the ion exchange circuit goes to
a conventional precipitation circuit. Yellow cake
slurry can then be sent to more refined milling
operations for "polishing" into a marketable
product, or if satisfactory, it is dried and

Pilot testing requires the construction of one or
more patterns at the proposed site for final test
ing. Before lixiviant is introduced into the
deposit, detailed hydrologic investigations must
be conducted to determine the flow paths the
lixiviant will follow. This minimizes the risk
of escaping solutions. The recovery facilities
at the pilot project are generally minimal.
Usually, a yellow cake slurry is produced and
shipped to a conventional mill for refining. A
major advantage of pilot testing is the mini
mizing of risk associated with the investment in

packaged in drums for shipment.
3. PROCEDURE FOR DEVELOPING AN
IN SITU LEACHING PROJECT
The procedure for developing a successful in situ
leaching project is outlined in Table 1. To mini
mize the risk of an unsuccessful outcome in later
costly pilot testing, careful consideration of
phase B of this procedure is especially important.

a full-scale plant.
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4.

bearing lixiviant. A carefully designed monitor
well system surrounding the leach field and often
including shallow wells above the leach field is
a feature in every pilot and commercial opera
tion.^8,9^ No significant loss of solutions has
been reported to date, indicating a high
efficiency in solution flow control.

ECONOMICS

Capital and operating costs of operating plants
are confidential information in most companies.
The 250,000 pound/year plant at George West,
Texas, had a reported capital cost of
$7,000,000.^ Cost estimates based on grades
too low for conventional mining have been
published/1,7^ For a 1,000,000 pound/year plant,
expected capital cost would be between $4,000,000
and $8,000,000. Operating costs are variously
estimated at $3.50 to $9.00 per pound. A produc
tion cost of about $15/pound would appear to be a
conservative estimate. By comparison the capital
investment for a conventional mine-mill complex

However, when production ceases in the leach
field, there is still an artificial chemical
environment in the former ore deposit which
essentially consists of an oxidized area sur
rounded by naturally reducing ground water.
Treatment of this ground water or removal by
pumping will return the area to natural condi
tions. This is required in Texas even though the
ground water in the host rock is unpotable

would be up to five times that of the in situ
leaching facility. Production by conventional
techniques would also be delayed by several years,
resulting in slower payout on the initial

because of high radium content. ^8’9^
6. THE FUTURE

investment.
5.

In situ leaching is still in the early stages of
development. New concepts, such as the rubblization of deep impermeable ore zones by blast
ing/10^ will expand the applicability of the
technique. As the technology progresses to
greater efficiency and broader scope, this pro
cess will account for an increasing portion of
uranium production. Production from presently
marginal and otherwise inaccessible deposits will
permit a more efficient utilization of a scarce,
nonrenewable energy resource, and will do so with
a negligible impact on the environment.

ENVIRONMENTAL IMPACTS

In situ leaching offers several environmental
advantages over conventional techniques of pro
ducing uranium. There are minimal surface
impacts. No significant quantities of milling
wastes are generated, whereas in conventional
mining the ore sent to the mill is more than 99
percent waste. No major excavations are required
with the resulting spoil piles, ecological disrup
tions, and aesthetic impairment. Radiological
hazards are reduced as most radioactive species
are left behind in the leaching process. Air
borne dust and emissions from the burning of
fossil fuels are greatly reduced. Reclamation
after mining is rapid because major earth moving
and sorting is not necessary. Reclamation should
approach the ideal of being undetectable after
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January 1968, pp. 20-23, 26.
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DeJoia, John, of Utah International, Inc.,
Personal communication, August 2, 1976.

5. Carnahan, T. G., In situ leaching of uranium
in Inplace leaching and solution mining.
Proceedings of a conference sponsored by the
Mackay School of Mines, November 10-14, 1975.
6. White, Lane, In-situ leaching opens new
uranium reserves in Texas. Engineering and
Mining Journal, July 1975, pp. 73-81.
7. Winters, Harry J., Clement K. Chase, Roshan B.
Bhappu, Technical notes for in situ extrac
tion of uranium. Presented at the 104th AIME
Annual Meeting, New York, February 16-20,
1975.
8. Texas Water Quality Board Public Hearing,
Prepared statements Atlantic Richfield
Company, Austin, Texas, January 9, 1975.
9. Texas Water Quality Board Application No.
C3748, Dalco-U.S. Steel fact sheet submitted
May 26, 1976.
10.

Catanach, Charles B., of E. I. DuPont
DeNemours & Company, Personal communication,
July 16, 1976.
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Figure 1 Cross section of a typical in situ leaching pattern.

Figure 2 Generalized Flow sheet for an in situ leaching project.
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Figure 3 Typical unit well patterns for in situ leaching showing flow lines.
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DEVELOPING AN EXPERIMENTAL OIL SHALE MINE

Stephen Utter
Bureau of Mines, U.S. Department of the Interior
Denver, Colorado

Abstract
As part of their Energy Research and Development Program, the Bureau of Mines is
developing an experimental oil shale mine facility in the central Piceance Creek
Basin of northwestern Colorado.
This paper describes the results of their exploration program and hydrological
investigation, the preliminary mine layout, and plans for the large-diameter
bored shaft.
GEOLOGY

INTRODUCTION
Development of an experimental oil shale mine is

In the Piceance Creek Basin, the Parachute Creek

proposed as part of the Bureau's energy extraction

Member of the Green River Formation is estimated

research and development program that began in 1974.
A major goal of the subprogram, "Advancing Oil

to contain about 471 billion barrels of oil equiv
alent in the higher-grade shale* beds. The Para

Shale Mining Technology," is to design, develop,

chute Creek Member is divided into an Upper and

and demonstrate improved methods for mining the

Lower Zone.

deep, thick, oil shales in the Piceance Creek

depth of about 1,100 feet at the field test site,

The Upper Zone, which extends to a

Basin of northwestern Colorado.

includes the Mahogany Zone containing about 29 per

Several promising concepts for low-cost, large-

cent of the higher-grade shale.

scale, underground mining of oil shale have been
generated by technical and economic studies recent
ly completed.

The next phase of the program is to

The Lower Zone

extends from the base of the Mahogany Zone to the
Orange Marker at a depth of about 2,450 feet. This
Zone, which contains the remaining 71 percent of

test the validity of these concepts under actual

the higher-grade shale, is further subdivided into

mining conditions.

seven rich and seven lean zones.

This requires access to the

It is also di

deep shale horizons since no underground mines pres
ently exist in the central Basin where the deep,

vided into two zones, Leached and Unleached, on the
basis of the leaching of water-soluble minerals.

thick shale deposits are located.

The Leached Zone contains large quantities of sa
line water.

This paper describes the exploration drilling pro

The Unleached Zone lies below the

Leached Zone and contains deposits of the saline

ject undertaken to select a site for the proposed
mine, the stratigraphy, mineral layouts, and design

minerals, nahcolite, and dawsonite, in addition to
oil shale.

of a large-diameter bored shaft to gain access
to the mining horizons.

The thick, higher-grade oil shales and associated

* At least 10 feet thick and averaging 25 or more gallons per ton.
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saline minerals in the Unleached Zone are the pri
mary target for the proposed experimental mine.

Mahogany Zone and in the Leached Zone, and compe

CORE DRILLING AND TESTING

The principal aquifer system consists of two aqui

tent rock in the Unleached Zone.

fers, the Upper Aquifer and the Lower Aquifer.

Selection of a field test site involved an inves
tigation of the geology and hydrology, core drill

These are separated by the Mahogany Zone, which

ing, testing, and analysis of the core.

acts as a confining layer.

Measurements were taken

of water discharge, temperature, and conductance in
With the cooperation of the Geological Survey, we

Hole 01-A.

chose four sites that appeared to be suitable for

Water inflow ranged from 60 gpm at a

depth of 470 feet (Upper Aquifer) to 1,625 gpm at

the proposed mine. These sites were ranked as to
estimated grade and tonnage of oil shale and as

1,400 feet.

sociated minerals, stratigraphy, ground water, top

Water quality varied from fresh to

about 4,000 micromhos at a depth of 2,500 feet.

ography, evidence of faulting and fracturing, ac

Pumping tests were conducted in Hole 02-A.

cess, and land ownership.

indicated that the Upper Aquifer has a transmissiv

A major consideration

ity of 2,500 square feet per day and storage co3
efficient of about 3 x 10 , which is typical for

was to select an area that would be representative
of tracts that might eventually be mined commer
cially.

this aquifer.

No water level change was measured

in Hole 01-A in the Lower Aquifer during pumping

The first choice was a site near the junction of

tests in Hole 02-A in the Upper Aquifer.
Ryan Gulch, Horse Draw, and Piceance Creek.

Results

Drill

This in

dicated that the vertical permeability of the Ma

Hole 01 was spudded on October 3, 1975 and drilled
hogany Zone at the test site is less than 0.05 feet
per day. Testing of the Lower Aquifer showed a

to a total depth of 2,382 feet using air/mist as
circulating fluid.

Large quantities of saline

water (up to 1,050 gpm) were encountered as well as
zones of myIonite, fault gouge, and fault breccia.

transmissivity not greater than 300 square feet per
day.
MINING EXPERIMENTS

The drilling rig was then moved 1% miles north to
an area where a geophysical survey had indicated

Four of the several underground mining methods ini

fewer faults and fractures.

tially studied are considered to be sufficiently

Hole 01-A was spudded

promising to warrant further investigation and test

on November 3, and was drilled to a total depth of
2,610 feet.

ing.

This was followed by Hole 02-A, which

These Include (1) chamber and pillar mining

was spudded on December 3, and drilled to a total

with spent shale backfill, (2) sublevel stoping

depth of 2,660 feet.

with spent shale backfill, (3) sublevel stoping

After pumping tests, Hole

02-A was underreamed in the Unleached Zone to a

with full subsidence, and (4) block caving mining

diameter of 15 inches.

using load-haul-dump equipment (LHD's).

Twenty-five tons of cut

Two of

tings, collected during underreaming, were shipped

these systems involve backfilling with spent shale

to the Bureau's Boulder City Metallurgy Research

(retorted shale waste).

Laboratory for testing under their alumina re
covery program.

Actual field demonstration of these methods is
needed to verify their technical and economic

Similar stratigraphy was encountered in both Holes

feasibility and to insure prompt transfer of the

01-A and 02-A.

technology.

In Hole 01-A the Mahogany Marker

Since the conceptual designs of these

Mahogany Zone is about 200 feet. The underlying
Leached Zone is about 350 feet thick, and the Un

methods are for commercial-sized operations, they
must be scaled down and adapted for the proposed
experimental mine.

leached Zone is about 900 feet thick.

Besides testing new mining methods we plan to use

is at a depth of 936 feet.

Total thickness of the

Core Index

values Indicated generally Incompetent rock in the

the experimental mine for evaluating possible
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health and safety hazards, for rock mechanics
studies, ventilation and ground water problems,

BORED SHAFT

equipment performance, and other novel mining con
cepts.

We have awarded a contract to drill and case a

Large bulk samples of oil shale containing

large-diameter shaft on the site.

the saline minerals nahcolite and dawsonite will

A 120-inch dia

meter hole will be drilled and cased to a depth of

be obtained for metallurgical testing.

2,390 feet with 96-inch I.D. steel casing.

We plan

Engineering, development, operation, and decommis

to use this shaft as a means of access to the deep

sioning of the proposed experimental mine is plan

shale deposits for obtaining bulk samples of oil

ned to proceed in five stages.

shale containing the minerals nahcolite and dawson
ite, for rock mechanics studies, and to obtain data

The first stage consists of the design of the sur

on the geology and hydrology of the deposit.

face facilities and mine, core drilling and samp

shaft may ultimately be incorporated as a ventila

ling, construction of access roads and shaft site,

tion escape shaft as part of the proposed experi

and the boring of a large-diameter ventilation and
access shaft.

This

mental mine.

Duration of Stage I is scheduled

Similar methods have been used suc

cessfully for boring shafts on the Nevada test site

for 12 months.

and on Amchitka Island, Alaska, under hydrological
The second stage will consist of the sinking of a
20-foot diameter vertical shaft to a depth of
about 2,400 feet.

conditions ranging from little or no water to heavy
water inflows at high hydrostatic pressures.

This shaft will be used for in

take ventilation, ore hoisting, and service.

Con
BIOGRAPHY

struction of the surface plant, including sinking
and equipping the shaft, is estimated to take 30

A graduate of the University of Idaho with a B.S.

months.

Degree in Mining Engineering, Steve Utter is mar
ried and has three college-age children.

Stage III, the mine development stage, is esti
mated to last about nine months.

His pro

fessional experience includes several years in

The initial ven

South America and in the western United States.

tilation system will be developed, and one chamber

Since 1950, he has been employed by the Bureau of

and pillar stope will be prepared for testing.

Mines in Arizona, Colorado, and Nevada, engaging
The fourth stage will consist of testing the var
ious mining methods.
years.

principally in mining research.

Estimated duration is 4

Total production during the testing period

is estimated to be about 2.5 million tons.

From 1951-1956,

he worked in the Bureau's Anvil Points Oil Shale
Mine near Rifle, Colorado.

During

He is Program Coordi

nator for the Bureau's Energy R & D Subprogram,

the final stage, the mine will be decommissioned,

"Advancing Oil Shale Mining Technology." Hobbies

and the area will be restored as nearly as pos
sible, to its original condition.

are hunting and fishing.

An isometric view of the proposed mine layout is
shown in Figure 1.

Approximate dimensions will be

2,000 feet by 2,300 feet.
levels.

Mining will be on two

An undercut level will be developed on

the upper level to test the caveability of the
shale.

Sublevel stoping and chamber and pillar

mining tests will be conducted on the lower level.
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THE CONSERVATION OF SPACE AND ENERGY THROUGH USE OF THE
SUBSURFACE BY PLANNED EXCAVATION AND CONVERSION OF MINED AREAS
Truman Stauffer, Sr.
University of Missouri - Kansas City
Kansas City, Missouri

Abstract
The use of subsurface space and especially the conversion of mined space into
continuous tenure and occupance by uses secondary to the mining venture effects a
direct conservation of energy in utilizing the natural rock matrix temperatures
and an indirect conservation of energy in making dual use of a land resource.
These savings are furthered when planning occurs at the time of the rock removal
so as to leave the mined space easily adaptible to functional and continuous use
as warehouses; offices, and factories.
A recent survey shows the continued expansion of underground development in the
Kansas City area. This paper shows the rate of space production by limestone
mining and the rate of development into secondary uses. The factors of space
economy achieved through dual use of land and energy conservation through use of
the natural subsurface temperature continue to attract business and industry.
Comparisons of surface versus subsurface costs for developing and maintaining
similar uses are explored. The extensive use of the subsurface where physically
feasible indicates a potential savings in space use and energy conservation of
national importance. A short film, "Underground Space: Kansas City's Third
Dimension," will supplement the paper.
INTRODUCTION
Materials from the earth's crust have long been
used for insulating and energy conserving purposes.
Dolomite has been converted into magnesia for use
in refractory and insulating kilns, asbestos rock
into asbestos paper, and diatomaceous earth into
insulating bricks. Sheetrock and plastic which
are extensively used in wall construction and tile,
brick, and stone for external construction are
other common examples. If the use of earth mate
rials fragmented and removed from their source are
of insulating value, then it should follow that
the use of these materials in situ are of greater
insulating value. Making optimal use of the ener
475

gy conserving qualities of the earth materials re
quires going to these materials and using their
qualities on site. The conversion of formerly
mined areas and the mining of new areas to harvest
their mined space optimizes the energy saving insu
lating qualities resident in the rock.
KANSAS CITY STORY
The development of factories, warehouses, and of
fices in the limestone mines under Greater Kansas
City has given a third dimension to urban planning.
Subsurface space is being increasingly used in
other places but no where is there such a variety
of uses and extensive area developed as in Kansas

City area has been mainly room and pillar entering
from the many bluffs left by stream and river dis
section. It was into these rooms that enter
prising men have built a variety of uses such as
warehouses, factories, and offices. The initial
venture was prompted mainly by the need for econo-

City. Current research (Stauffer, 1976) shows 15
sites where underground space has been developed.
The location of these may be seen in Figure 1.
ADVANTAGES
For over a century limestone mining in the Kansas

UNDERGROUND SPACE DEVELOPMENTS
IN GREATER KANSAS CITY 1976
1. BRUNSON IN S TR U M EN T CO.

8. IN L A N D STORAGE D IS T R IB U T IO N CENTER

2. CENTRO PO LIS W AREHO USING

9. INNER SPACE STORAGE CO RPO RATIO N

3. CEN TU R IO N STORAGE INC.

10. J.C. N IC H O LS DEVELO PM EN T

4. CO M M ER C IAL D IS T R IB U T IO N CENTER

11. M A R L E Y RESEARCH CENTER

5. DEFENSE IN D U S T R IA L P LA N T E Q U IP M E N T F A C IL IT Y
6. DOWNTOWN IN D U S T R IA L PARK

12. M ID C O N TIN E N T U N D E R G R O U N D S TO RAG E, LO R IN G , KS.

7. G R E AT MIDW EST CO RPO RATIO N

13. G REYSTO NE CO LD STORAGE
14. SPACE CENTER INC.
15. GEOSPACE

Stauffer'76
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facturing 7%, offices 5%, and services 3%. A 1976
survey did not reveal any significant change in
these figures. Survey response to a question con
cerning the type of use expected in the course of
future growth revealed an expectation that the
same composition of uses and their relative per
centages would occur. This exposes a need and a
challenge for innovative thought as to finding
alternative uses for mined space, making additional

mi cally attractive space and the discovery of
energy savings came as an unexpected bonus.
Nearly three decades of satisfied usage by Kansas
City firms has revealed a number of advantages in
the use of the underground environment. For
example:
— A low initial cost for the creation of space,
made possible by the sale of r.ock that helps off
set construction costs.
— Low maintenance costs— no roofing, exterior

energy savings possible.

walls, or windows.
--Low energy costs--54°F natural temperatures
modifies needs for heating or cooling equipment,
reducing capital outlay and gaining up to 90%
energy savings over surface structures that pro
vide comparable space.
— Complete noise and vibration control is pos

Figure 2 provides a table of the volume of total
mined area and converted space by site throughout
the Kansas City area. My earlier survey of 1971
showed a figure of 15,090,000 square feet of mined
space had at that time been converted to secondary
use whereas my 1976 data shows 18,460,492, an
increase of 3,370,492 square feet or approximately
22%. This indicates stability in the concept of
utilizing underground space as well as increasing

sible.
--Low insurance costs exist because the only com
bustible materials are those introduced into the
subsurface; the floors, ceilings and walls are

acceptability of its use.
The increase in total mined area during this same
interim is some 33,000,000 square feet accumulated
by an annual mining of about 6,000,000 square feet.
This indicates we are creating new underground
space at about ten times our rate of secondary
development of the mined space. This challenges
everyone who is concerned about the future with
finding new uses for mined space. Kansas City
has a vast resource of underground urban space
which, by substitution for surface functions,
could allow surface usage to never become conges
ted as in other urban areas. We have the poten
tial to keep our metropolitan area green and
livable on the surface by wise use of our under
ground resource. The green space and plenteous
parking at 31st and Mercier, to cite one example,
is made possible by the subsurface location of
many functions which, if added to the surface,
would necessitate crowding and the loss of the
livable character of that site. The encouragement
for use of this resource would seem to be advan
tageous in an era when cities compete for aesthe
tic qualities. The skyline of Kansas City would
show intensive warehousing if all subsurface ware
housing were ingested into the surface picture.

fireproof.
--Security for personnel, records and equipment
is more effective and easily controlled.
--The excavated areas are not characterized by
the dangers of water seepage that ultimately
reduce utility or endanger the structure's integ
rity.
Net space gains of 68% have been achieved at the
Downtown Industrial Park site utilizing an aban
doned mine. A new venture utilizing initial
planning for use of both the surface and subsur
face could approach 80% and yet leave stable
support. Energy savings as high as 90% have been
reached at the Brunson Instrument Co. The vast
amount of unused subsurface space when perceived
as energy saving potential commands attention as
an energy conservation resource. Mining, which
has given us fossil fuels, has and can yet give
us further energy potential through continued use
of the mined space.
CURRENT STATUS
An earlier study in 1971 showed warehousing of
several types composing 85% of these uses, manu
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INVENTORY OF UNDERGROUND SPACE AND USAGE
BASED ON 1976 SURVEY BY TRUMAN STAUFFER, SR.
Total Mined In Secondary
Area in
Use of Space
(1,000')
Square Feet
1. Downtown Industrial Park
2. Brunson Instrument Company
3. Inner Space (Anrok)
4. Great Midwest Corp.
5. Inland Storage Dist. Center
6.
7.
8.
9.
10.

Commercial Distribution
Greystone Heights
J. C. Nichols
Mid-Continent
Atchison

11.
12.
13.
14.
15.

Inner-City
Centropolis
63rd Street North Side
Byers, 90th & 71
Kansas City Quarries North

' 1 ,400,000
368,400
2,000,000
12,000,000
21 ,500,000

972,000
171 ,800
1,000,000
2,500,000
6,500,000

No
No
Yes
Yes
Yes

5,662,800
375,000
705,933
3,276,870
2,714,075

2,000,000
193,000
150,240
854,062
970,390

No
No
No
No
No

4,136,270
4,583,000
5,662,800
17,424,000
5,940,000

None
2,750,000
87,000
None
None

No
Yes
No
Yes
Yes

16. Pink Hill Quarries
17. Rock Acres
18. Tobin, Kansas City, Kansas (Jenkins)
19. Harris Mine
20. K. C. Quarries East

15,463,800
2,178,000
5,662,800
3,000,000
2,000,000

-0-0-0-0-0-

Yes
Yes
Yes
Yes
No

21. J. N. Oldham
22. Union 95th, Noland
23. Missouri Portland
24. Botsford
25. 47th & 18th Expressway

3,000,000
8,276,400
13,000,000
2,918,520
Unknown

-0-0-0-0-0-

No
Yes
None
No
No

-0-0-0137,000
175,000

No
No
No
Yes
No

26.
27.
28.
29.
30.

Benton 8 81st
Leavenworth
Excelsior Springs
Geospace
63rd Street South

Unknown
3,000,000
. 400,000
4,704,480
1 ,960,200
153,313,348

j

Currently
Mininq

18,460,492 Approximately
6,500,000
square feet
annually

Figure 2. Table 1

These are in addition to the potential for conser
vation of energy.

neighborhood characteristics, and education of the
public to awareness and acceptance of underground
use were high on the list of desirable goals.

Aside from the figures given in Figure 2, the sur
vey revealed an intense desire on the part of the
developers to seek a professional stature for
underground development. The need for an associ

Problems were seen as realistic but capable of
resolution as technological gaps were closed.
Some concern was expressed that the unconventional
nature of underground development might not be
carefully considered by those regulating agencies
which guide our urban growth. All in all, the
survey revealed a climate of willingness to pro
ceed wisely toward a better use of mined space

ation of developers was a cardinal viewpoint and
this is being realized. The need for cooperative
use of technological research, discovery of new
uses for the subsurface, study of socio-economic
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of Planning Librarians, Exchange Bibliography #881.
4. Gentile, Richard J., Guidebook to Field Trips,
Symposium on the Development & Utilization of
Underground Space in the Kansas City Area, UMKC
Dept, of Geosciences, Kansas City, Missouri, March

with a great amount of pride in that an otherwise
wasted underground desert space has already been
producing energy conservation, employment, a tax
base, and economic growth for Greater Kansas City.
LOOKING AHEAD

1975.
5. Knox, Thomas, Underground, Hartford:

The Geosciences Department of the University of
Missouri at Kansas City has recognized the value
of examining this extensive development and cur
rently offers a course in Occupance and Use of
Underground Space as part of its curriculum.
This course was offered for the first time in the
Spring of 1976, attracting 36 students from a
variety of disciplinary backgrounds. This wide
range of interest was due to the cross discipli
nary nature of a phenomena which obviously entails
elements of physiography, engineering, economics,
and human acceptance. Space adjustment gains in
an urban setting and the potential of energy con
servation were two significant threads of the
study as they reflected major contributions made
by the utilization of the subsurface.

J. B.

Burr & Hyde, 1873, London.
6. Leggett, Robert F., Cities and Geology,
McGraw-Hill Book Co., St. Louis, Missouri, 1973.
7. Loofbourow, R. L., "How to Cut Underground
Construction Cost," Civil Engineering-ASCE, June,
1972, pp. 85-87.
8. Lorentzen, Gustav, "The Design and Performance
of an Uninsulated Freezer Room in Rock," Proceed
ings 10th International Congress of Refrigeration,
Vol. 3, pp. 291-297, 1959, Copenhagen, Norway.
9. Mining in Kansas City, Vol. 9, #4 (pamphlet),
special issue of Missouri Mineral News, Missouri
Geological Survey and Water Resources, Rolla,
Missouri, April, 1969.
10. Proceedings of the Engineering Foundation
Conference Need for National Policy for the Use of
Underground Space, American Society of Civil Engi
neers, New York, June, 1973.
11. Proceedings of the Symposium on the Develop
ment and Utilization of Underground Space, Stauf
fer, Truman P. and Vineyard, Jerry (eds.), UMKC
Dept, of Geosciences and the National Science

SUMMARY
Underground space usage can easily be documented
as having energy saving dimensions. Its conti
nued and increased use attests its economic
feasibility. The vast unused potential indicates
the need for further research into geographic
markets, human acceptance, and technological
guidance.

Foundation, March, 1975.
Articles include:
"Techniques of Mining for Secondary Use,"
Christiansen, C. R. and Scott, J. J., pp. 83-90.
"How Underground Space Use Started in the Kan
sas City Area," Dean, Lester, pp. 25-28.
12. Stauffer, Truman P. (Univ. of Nebraska),
Occupance and Use of Underground Space in the
Greater Kansas City Area, Ph.D. dissertation,
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LOCAL DATA AND THE ROLE OF PRICE IN ENERGY CONSERVATION

John J. Snyder
Department of Economics*
University of Colorado
Boulder, Colorado

National Center for
Atmospheric Research**
Boulder, Colorado

Abstract
A preliminary report is presented on an econometric demand study of residential
electricity in Colorado municipalities. The data base consists of fifteen years
of annual data for each of 33 communities. This permits electricity price data
to be taken directly from residential rate-schedules.
1.

documents can be debated ad infinitum without reso

INTRODUCTION

Past econometric studies of the demand for resi

lution.

dential electricity in the United States have

often Is no decision or the status quo.

typically been based on national or state aggre-

is not enough information to make a decision, it is

gate data'

put on next year's agenda in the hope that something

. Indeed, after reading much of the

Given such a situation, the outcome all too
Since there

literature, one is nearly convinced that the only

new may turn up by then.

data sources are the publications of the Edison

makers sometimes appear discouraged, uninterested,

Electric Institute, the Federal Power Commission,

or inactive on matters concerning the energy crisis.

the U.S. Bureau of the Census, and the U.S. De

All too often they have precious little local infor

partment of Commerce.

mation available to work with.

One becomes tempted to ask,

No wonder local decision

"Where have all the companies, cities, and coun

The desire for "educated guesses" applicable to

ties gone?"

intra-state situations has, in part, precipitated

They seem to have been lost or at

least buried under all the mass of data published

the Interest for this study.

for the states and the nation.

cessfully with problems posed by the energy crisis,

In order to deal suc

Consider, however, the position of a local deci

concerns for environmental quality, and the efficient

sion maker — one at the municipal, company, or

use of natural, human, and capital resources, spec

Such a person finds studies based

ific local Information Is required for the decision

on national data Interesting and those based on

makers at the local planning levels. As an example

state level.

state-level data perhaps even Intriguing; but the

of an exploratory step in this direction, an econo

"real" data he or she would like to see are those

metric demand study of residential electricity is

based on municipalities, counties, and/or planning

being based on time-series of observations on indi

regions.

vidual Colorado municipalities.

Without local data, local planning

The 1960 census

reports for Colorado reveal a list of 44 incorpo
rated places with 1960 populations over 2,500, as

* This paper describes part of the research
being conducted for the author's Ph.D. disser
tation.

shown in Figure 1.

Since data collection is still

In progress for about a quarter of the sample, this

** The National Center for Atmospheric Research
is sponsored by the National Science Foundation.

paper Is based on a preliminary analysis of the
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44 incorporated places with 1960 Populations over 2,500. The 33 places
Indicated by solid dots are used in the present analysis (see text).

data for the 33 communities Indicated by solid dots

totals applicable to their own particular service

in Figure 1.

area(s).

On the other hand, per customer data are

2. MODEL AND ELECTRICITY PRICE

more appropriate in examining the behavorial char

The basic form of the residential electricity de
mand equation can be written as

acteristics of individual consumers.

Q = f(P,S,u),

since the basic consuming unit is a household group

(The per cus

tomer formulation is preferable to a per capita one

(1)

where Q is the annual quantity of electricity con

of Individuals sharing a set of common appliances.)

sumed per observational entity, P Is the marginal

This study is using both formulations of (1).

price of electricity, S represents the set of all

The majority of previous studies (e.g., see Taylor'

other relevant variables, and u is a disturbance

review article' 1) have relied on average electric

term.

ity price as a proxy for P, the marginal price In

(Q\

The choice of the observational entity to be

used in the above equation is somewhat arbitrary In

(1).

the sense that it depends on the available data

rate schedules, average price is a function of the

Due to the stairstep structure of electric

base as well as the intended use of the model.

quantity of electricity consumed.

This study is focusing on data for individual com

many of the past studies which used average price

munities which define the "geographic" dimension of

data ignored this functional dependence and thereby

Q.

created specification errors in their estimation

However, the quantity consumed can be expressed

Unfortunately,

either as a municipal total or as a municipal aver

procedures.

age per customer.

From a statistical point of view the determination
of marginal prices is difficult, however, and this
Is one of the main reasons why aggregate analyses
of the demand for electric power have generally not

In this regard, electric utili

ties, concerned with planning for future generation
capacity, are probably more interested in municipal
482

Houthakker, Verleger, and Sheehan note

to define the three price components are 0-200 kwh

been successful/*^1

Recently, Halvorsen (4) has shown that the use of av per month, 201-1000, and 1001-5000. The values of
200 and 1000 kwh per month are typical starting lo
erage price data in log-linear price and demand
equations should yield the same estimates of demand

cations for many of' the tailblocks encountered in

elasticities as marginal price data.

this study.

It is not

The capability to use several prices In

clear, however, that the relationship holds when

equations may also provide an

the observational (e.g., state) data is being ag

how consumers react to price changes in various por

gregated over many rate structures which, in turn,

tions of the rate schedule.

are associated with a variety of customer consump
tion distributions.

In (1), S represents the set of all other relevant

Houthakker, et al/*11, avoid

explanatory variables such as:

this issue by using a sample of typical electric

(1) population (omitted for the per customer
formulation),
(2) average number of persons per customer
household,
(3) per capita income,
(4) prices of alternative fuels (e.g., L-P gas,
natural gas, fuel oil, coal),
(5) weather conditions (e.g. annual heating and
cooling degree-days), and
(6) appliance price indices.

bills for selected municipalities to estimate annu
al state marginal prices.

ability to examine

While this procedure has

much to recommend it, it is still subject to aggre
gation problems such as the difficulty of averag
ing typical electric bills on a per customer basis
rather than on a per community or per company basis.
The use of a data base built upon municipal data

In order to compensate for inflation, the annual

permits residential electric consumption to be

consumer price index series was used to deflate

matched with an actual rate-schedule for each

price and income data.

place and year.

used since those for Denver are published only as

However, since rate-schedules con

far back as 1964.

sist of various numbers of rate blocks in varying
locations, some standardized description must be
devised for use in an estimating equation.

National price indices are

3. DATA COLLECTION
Undoubtedly, one main reason demand studies have not

One

could use the marginal price of the tailblock and

previously been based on municipal data is the dif

the average price up to the start of the tailblock,

ficulty of collecting the necessary data since it is

as suggested in the context of aggregate state data

not available from published data sources typically

/O N

by Taylor'

. However, several of the tailblocks

cited in studies using aggregated state data.

of Colorado residential rate-structures begin at

This

study's data collection, which has been rather time-

1000 kilowatt-hours (kwh) per month — a value

consuming, has been made possible only through the

high enough that for many customers the tailblock

willingness, cooperation, and helpfulness of many

is not a relevant one.

individuals in both company and state offices.

This study therefore pro

poses the use of two marginal-price variables:

a
The data collection is discussed in the framework of

"moderate-use" marginal price and a "high-use"
marginal price.

A third price, a base component or

(1) which may now be written more explicitly as

"low-use" marginal price, can be calculated to re

0 = f(V l - PBC> PMU> PHU> P0P> EPH> PCI’

flect the price per kwh for consumption in the

PNG’ PF0’ V HDD’ CDD’ API’ U)‘
(2)
The functional form being estimated is log-linear

range below the moderate-use marginal price.

Since

and u is the disturbance term.

these three price components are computed directly
from rate schedules, they are not dependent upon
average customer consumption levels.

Headings of the

paragraphs below correspond to the variable abbre
viations in (2).

They also

avoid aggregation problems since each set of price

Q

components describes only one rate-structure for a

electricity consumption, Q, is included as an ex

given year and community.

planatory variable.

For purposes of compu

The value for the previous year of a place's
This dynamic formulation is

based on the partial-adjustment model used to re

tation, the preliminary ranges used in this study
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fleet the relatively low replacement rate of house

county data was first expressed as a percentage of

hold energy-using appliances.

a segmented constant geometric growth curve where

Q, P

BC

, P,„I( PTJ(t. Annual municipal residential
MU

HU

electricity consumption data, average annual num
ber of customers, and the associated rate sched
ules are being obtained from electric utility
reports on file at the Colorado Public Utility

the segments' end points are at the census report
years (e.g., 1960 and 1970, 1970 and 1973).

Similar

segmented constant geometric growth curves were next
constructed for each place, with segment end points
defined by the census data.

The annual percentages

Commission as well as from individual utility

from each place's county were then applied to the

companies.

place curve to obtain annual place population esti

Summaries are typically detailed by

service regions, by customer class, by rate-

mates.

schedules, and by municipalities.

make use of all reliable information available.

Generally,

While somewhat roundabout, this method does

there are two complications in using this data.

RPH.

First, rate-schedules can change at any time dur

used along with each place's average annual number

ing the year.

of electricity customers in order to estimate the

The changes may effect not only the

The annual place population data are also

prices charged within given blocks but also the

average annual number of residents per household,

position and number of blocks.

RPH.

Second, more than

one rate-schedule may be In use for residential
customers In a given community.

This occurs pri

marily with the overhead and underground service

The use of such a variable Is based on the

assumption that a family of four does not use twice
as much electricity as a family of two, since many
major appliances (e.g., refrigerators) which serve

classes whose rates are not too dissimilar In

two people do not need to be doubled, in terms of

comparison with all-electric rates.

energy consumption, to serve four.

(Data for 33

of the 44 places show a maximum of 5% of municipal
residential kwh sales in all-electric rates — a
figure low enough to not be of great concern.)
Occurrences of either of these two situations are
the only times In this study when weighted aver
ages of rate-schedules need to be made.

The

weights are determined either by the number of
months the different rates were In effect in a
given year or by the relative numbers of customers
in each rate class.
POP.

PCI.

An estimation technique similar to that used

for population (above) was used to construct annual
place estimates of per capita income.

Department of Revenue publishes annual tables of
state personal Income tax data broken down by coun
ties but not by municipalities.

The data for annu

al county average gross income per return were used
with the census place estimates of per capita in
come in the years 1959, 1969, and 1972 to estimate
annual per capita income of places.

Locally-made municipal population estimates

The state's

It may be

noted here that the 44 places are in 29 counties:

are available from the State Division of Planning,

twenty counties contain one place each, five con

which obtains them from city officials.

tain two each, two contain three each, and two more

The

Division does not endorse these estimates for
revenue-sharing purposes; some of the estimates
for 1969 are more than 50% higher than the 1970
census figures.

The Business Research Division at

the University of Colorado, however, does publish
annual county population estimates controlled to
census data.

Since this was the most detailed,

reliable breakdown of annual populations, it was
used along with the Census Bureau place population
estimates of 1960, 1970, and 1973 to construct
annual population series of places.

The annual

contain four each.
Pj^Q, PpQ> Fq - Local prices, on a continuing basis
since 1960, of alternative forms of energy, such as
L-P gas, natural gas, fuel oil, and coal, have ap
parently not been collected by any state or federal
office.

In an effort to avoid the use of national

fuel price indices, fuel cost data are being col
lected from the operating departments of the elec
tric utilities.

These can be used to form annual

regional fuel price indices for several state subareas.

Data on residential natural gas availabil-

f

ity, consumption, and price are also being collect

area.)

ed from gas utilities.

the previous section, collection of non-utility

At the present time, annu

Except for a few limitations discussed in

data for all 44 places is complete.

al average wholesale purchase prices (cents per
million BTU) of coal, fuel oil, and natural gas,

As is evident from the structure of the data base

as compiled by Colorado's largest electric and gas

and (2), the proposed model is a dynamic time-series

utility (Public Service Company of Colorado,

of cross-sections, where the error terms can be con

Denver), are being used in the estimating

sidered as consisting of three components — one

equations.

associated with time, a second with individual

HDD, CDD.

places, and a third which represents the remaining

Annual heating and cooling degree-days

were obtained from the State Climatologist at

effects associated with neither time nor place.

Colorado State University and are based on daily

Econometric studies of the properties of various

temperature means.

estimation techniques for such models, such as

Some of the 44 places have not

had their own local weather station since 1960; in

Wallace and Hussian

such cases records are used for the nearest weath

two-round process; the first computes consistent

er station having adequate data.

estimates of the error components and the second

a list of 29 weather stations:

This resulted in

and Nerlove^71, suggest a

then uses these to estimate the coefficients of the

twenty-three were

associated with one place each, five with two

variables.

places each, and one (Denver) with eleven (Denver-

A model based on intra-state data of one state may

area) places.

have a narrower range of sample values and higher

Since the daily data tapes used to

compute the heating and cooling degree-days did

sample correlations than a similar one based on

not contain 1973 and 1974 data for about half of

data of many states.

the desired stations, monthly means were used to

electricity price variable' in an estimating equa

complete the data base.

tion may also lead to rather high sample correla

This is an acceptable

technique for heating degree-days (since Colorado

The use of more than one

tions (e.g., typical rate changes tend to alter the

winters are typically well below 65°F), but not

prices of all blocks in the same direction).

for Colorado's cooling degree-days.

study therefore proposes to explore the use of

The problem

This

is that many summer monthly mean temperatures

ridge regression techniques which are designed to

which are less than 75°F do contain daily averages

deal with correlations among the explanatory vari

above 75°, so that the monthly data reveals no

ables (see, e.g., Hoerl and Kennard^1, Brown and

cooling degree-days when in fact occurrences exist.

Beattie^1, Vinod^1).

In the coming months all degree-day calculations

trade small amounts of bias in the estimated coef

for this study will be based on daily data.

ficients for relatively large reductions in the

API.

variances of the estimates, which enable the model

Appliance price indices (as consumer price

indices) are national annual data.

to produce more accurate forecasts.

Price indices

for Denver are published only as far back as 1964
and do not contain an appliance price index.

Ridge regression estimates

Chern observed that his "results seem to suggest

The

that the impact of simultaneity [due to the use of

national appliance index is not based solely on

average prices] is relatively more important than

electric appliances, which are complementary goods

the treatment of error components in this pooled

in terms of electricity, although electric appli

model" (2) . Since this study avoids the simultaneity

ances probably dominate the index.

problem by use of price components computed directly

4.

from rate-schedules, it is hoped that his observa

STATISTICAL ESTIMATES

tion might also be applicable here in the sense

At this time, complete electric utility data for
33 places has been collected and processed for the

that a useful preliminary look at the model can be

period 1960 through 1974.

undertaken using ordinary least squares (OLS) re

(It may be noted that

gression.

14 of these 33 places are in the Denver-Boulder
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(Once data collection is completed,

Municipal Consumption
Variable
Qt-1
PBC
PMU

Coefficient

t-Ratio

0.68

24.09

-0.16

2.91

-0.08

3.52

Per Customer Consumption

Long-Run
Elasticity

t-Ratio

0.920

57.07

-0.50

0.023

(0.79)*

-0.25

-0.029
0.0004

-0.36

(0.04)

0.01

0.03

(1.52)*

0.32

11.14

RPH

-0.27

9.03

0.021

(1.69)

PCI
P

0.14

4.70

0.034

2.38

0.09

*T3
o :
<

—

0.36

4.16

0.271

5.88

-0.03

(1.68)

-0.039

4.27

pc

-0.59

4.55

-0.385

5.86

HDD

0.07

2.38

-0.0013

(0.09)

n

a

0.29

2.47

HU
POP

P

Long-Run
Elasticity

Coefficient

CDD

0.002

(0.94)

-0.0001

(0.15)

API

0.30

2.01

0.045

(0.56)

R2

0.99

0.97

* Parentheses indicate coefficient is not significant at the 95% confidence level.
Table 1: Log-linear ordinary least squares regression estimates.
error components and ridge regression techniques

than those served by larger and more efficient units;

will be used.)

and rate-structure changes frequently either lower or

Ordinary least squares estimates for two log-linear
formulations of (2) are given in Table 1.

The left

The lack of

significance in either formulation for the high-use
marginal price (P ) and In the second formulation

half of the table is based on annual residential
municipal electricity consumption and includes pop
ulation as an explanatory variable.

raise the prices for all rate blocks.

for the base component (P

) may Indicate that in-

appropriate bounds have been chosen for the divisions

The second

between the three components.

formulation, presented in the right half of the

For example, more rel

evant ranges, In terms of customer decisions, might

table, expresses electricity consumption in per

be 100-200 kwh per month for the low-use marginal

customer terms.

price, 201-500 for the moderate-use one, and 501In spite of the high values for the adjusted coef-

1000 for the hlgh-use one.

_2

ficients of multiple correlation (R ) in Table 1,
several problems are present.

A second problem area suggested by Table 1 is the

Looking first at

negative coefficients of two substitute fuels, fuel

the three rows for electricity price variables

oil and coal (Pp0 and pc).

(P__, P„„T, P™), a H coefficients which are sigBC

rLU

nU

three alternative fuel price data presently being

nificant at the 95% confidence level do have the
expected sign.

used are annual wholesale purchase prices paid by

However, all three electric price

Colorado's largest (gas and electric) utility.

components are not significant in either formula
tion.

While this data was readily obtainable, its back

This could be caused, in large part, by two

factors.

As mentioned above, all

There are moderately high pairwise sample

ground (in terms of its current statistical appli

correlations between the three price components

cation) must not be forgotten.

(0.5, 0.6, and 0.8), which probably reflect two

wholesale prices, they may not be close proxies for

factors:

Since the data are

consumer prices associated with small deliveries.

communities served by small generating

The data also contain no information related to

plants are likely to have higher rate schedules
486

geographic location in the state; one would expect

the coefficient of the lagged endogenous variable,

fuel oil to be cheaper in Denver than in a remote
mountain community such as Gunnison.

Qt_i (e-g-» see Griliches^31). The estimated longrun price elasticities for electricity are shown in

Perhaps most

importantly, though, coal and fuel oil are major

columns 4 and 7 of Table 1. While the short-run

fuels for electric generation and their prices are

elasticities of all significant coefficients are

reflected in electric rate schedules.

rather small, the long-run elasticities of the first

Thus there

likely is a significant functional relation of

formulation show fairly strong long-run elasticity

electricity prices with coal and fuel oil prices

in the 0-1000 kwh per month range while the second

which needs to be included In the model.

formulation indicates more moderate long-run elas

A third item relates to the weather data.

ticity only in the 200-1000 range.

As men

If the electric

tioned above, not all of the degree-day data can

ity price coefficients are not being unduly colored

be calculated, at this time, on the basis of daily

by correlations between the price components, price

temperature means.

Whether this is a serious prob

changes even in the first 200 kwh per month'of the

lem can only be resolved when all degree-days are

rate structure could have significant long-run

based on daily data.

impacts on total municipal consumption.

As expected, the sample cor

The second

relation between heating and cooling degree-days

formulation, however, may indicate that consumer

is fairly strong (-0.7), but It does not appear

price responsiveness may not begin before a level
of, say, 100 kwh per month.

that they could be meaningfully combined Into a
single "energy degree-day" variable.

A cooling

5.

degree-day in Denver is rather different from a

SUMMARY

While the preliminary results obtained through OLS

heating degree-day in a mountain resort which only

estimation techniques are not conclusive, they do

needs to (electrically) heat all of Its rooms for
skiers on winter weekends.

reinforce several points.

data base (e.g., utility data for the 11 remaining

A fourth item is the interesting one concerning the

places, consistent daily degree-day data, regional

sign of the appliance price index, API.

consumer prices of alternative fuels) may serve to

As men

First, completion of the

tioned above, this is a national series and includes

reduce functional interactions and aid in the esti

both gas and electric appliances.

mation of the separate effects of the variables.

Thus it is not

strictly an index of complementary goods only.

One

Second, inclusion of alternative fuel prices of coal

would expect that as appliance prices declined,

and fuel oil (particularly If only wholesale price

more would be purchased along with more energy to

data is available) should be handled in the context

run the new equipment.

of simultaneous equations.

Such reasoning leads one

to expect a negative coefficient.

Third, it is still like

ly that ridge regression techniques could be a valu

However, if

appliance prices increased along with the energy-

able tool in dealing with the stronger correlations

use intensiveness of appliances (e.g., frost-free

between variables such as the price components.

refrigerators, instant-on color T.V. sets) while

Fourth, the time-series/cross-section data structure

real incomes were also rising, one could expect a

and the dynamic formulation of the model suggest the

positive coefficient.

need for more appropriate estimation techniques such

The significant positive

as the dynamic error-components model.

coefficient in the first formulation might be the
result of the latter situation.

ful insights may be gained by examining both alter
native price component definitions and stratifica

Returning to the electricity prices, the coeffi
cients shown in the table are short-run price elas

tions or subsets of the data (e.g., mountain commun
ities and metropolitan areas).

ticities (since the equation is in log-linear
form).

Fifth, use

Finally, it does

appear possible to base a study upon specific local

The long-run elasticities, assuming a geo

data which includes electricity price variables com

metric lag structure, can be computed by dividing

puted directly from unaggregated rate structures.

the short-run elasticity by the quantity one minus
487

8.

The use of such data in conjunction with more so
phisticated techniques (than OLS) may also be
capable of revealing consumer responsiveness in
various portions of the rate structure.

Taylor, L.: "The Demand for Electricity: A
Survey," Bell Journal of Economics and Manage
ment Science, Vol. 6, No. 1, Spring, 1975.

9. Vinod, H.: "Bounds on the Bias in Ridge Re
gression Coefficients," presented at the Annual
Meeting of the American Statistical Association,
Boston, August, 1976.

Such a

capability would be most valuable for local deci
sion makers who need to know how strong a role

10. Wallace, T. and A. Hussain: "The Use of Error
Components Models In Combining Cross Section
with Time Series Data," Econometrica, Vol. 37,
No. 1, January, 1969.

price can play in energy conservation.
It is hoped that this study will encourage others
to "rediscover" the local data of companies,
cities, and counties.
circle has formed:

Over the years a vicious

The author received his B.A. in Economics from the
University of Illinois at Urbana in 1967. He then
worked at E.I. du Pont de Nemours and Co., Wilming
ton, Delaware, as a computer programmer assigned to
new-venture analysis. After three years of service
in the U.S. Navy, he began graduate studies in eco
nomics at the University of Colorado in Boulder,
where he received his M.A. in 1974 and Is currently
a doctoral candidate. He is a Research Economist
in the Environmental and Societal Impacts Group at
the National Center for Atmospheric Research,
Boulder, Colorado.

researchers have found local

data difficult to collect and those collecting
local data have seen no uses of It or for it be
yond their own.

Perhaps local and regional energy

offices will help spark the drive to give more
attention and effort to the extent and quality of
local data collection and processing.

Hopefully

the energy crisis will encourage us as decision
makers, data collectors, and researchers to look
high and low for useful clues.

One component of

such efforts must be the "rediscovery" of detailed
local data, a rich and valuable resource that must
be analyzed for Its content and not merely
aggregated away.
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FUTURE GROWTH OF ELECTRIC POWER DEMAND IN THE SOUTH ATLANTIC REGION*

W. S. Chern, S. B. Caudill, B. D. Holcomb and W. W. Lin
Oak Ridge National Laboratory
Oak Ridge, Tennessee

1.

INTRODUCTION

Table 1. Historical annual growth rates of total
electricity sales by state, South Atlantic region

A reliable forecast of electricity demand is
essential for evaluating the future need for
additional electricity generating capacity. Such
an evaluation has important implications for
public policies on the research and development
of energy technologies, particularly those tech
nologies related to electricity generation,
transmission, distribution, and consumption. The
purposes of this paper are to discuss a methodology
used in forecasting electricity demand on a state
basis and to present some preliminary demand
forecasts, by sector, for the eight states in the
South Atlantic region. Although the models
presented here were developed for this region, we
are currently developing similar models for other
regions in the United States. The results of our
forecasts will be used by the staff of the U.S.
Nuclear Regulatory Commission and several national
laboratories in their preparation of the "Need
for Facility" sections of environmental impact
statements. These sections assess an applicant's
need for additional power capability.
The South Atlantic region consists of the States
of Delaware, Maryland (including Washington,
D.C.), Virginia, West Virginia, North Carolina,
South Carolina, Georgia, and Florida/ In 1975,
this region accounted for 16.5% of the electricity
sales in the U.S. Electricity demand has been
sensitive to demographic and climatic, as well as
economic, conditions. The 1955-70 period can be
characterized as a period of decreasing real
electricity prices and increasing total elec
tricity sales (an average of 8.7% per year;
Table 1). Real electricity prices have been
Increasing since 1970. For the 1970-73 period
prior to the oil embargo, the annual growth rate

State
Delaware
Maryland®
Virginia
West Virginia
North and South
Carolina
Georgia
Florida
Regional total

1955-70

Period
1970-73

1973-75

10.8
8.6
9.8
5.5
9.3

6.1
7.1
8.1
4.4
8.8

-3.6
-1.6
2.4
0.8
0.6

10.0
12.9

8.1
11.1

1.0
2.8

9.7

8.6

1.1

^Includes the District of Columbia.
declined to 8.6% in this region. The drastic
increases in electricity prices resulting from
the 1973 oil embargo, the economic recession and
inflation, and skyrocketing capital costs and
difficulties in operating nuclear plants during
1974 and 1975 have further curtailed the rate of
growth to 1.1% per year during 1973-75. Although
the historical growth rates of electricity sales
vary from state to state, their sensitivity to
the economic conditions holds unanimously. Dela
ware and Maryland were apparently hit hardest by
the economic recession and by increases in elec
tricity prices; the sales of electricity in
these two states even declined from 1973 to 1975
(Table 1).
In the following sections, we develop an econo
metric model that estimates the quantitative
relationships between various demand components

Research sponsored by U.S. Nuclear Regulatory Commission under Union Carbide Corporation's contract
with the Energy Research and Development Administration. The authors express gratitude to S. E. Beall,
R. S. Carlsmith, E. Hirst, J. R. Jackson, R. L. Spore, and D. P. Vogt for their helpful comments on an
earlier version of this paper.
In our econometric analysis, North Carolina and South Carolina are combined because data for these
two states were combined prior to 1958. In. 1974 total electricity sales were 49.7 billion kWhr for
North Carolina and 29.1 billion kWhr for South Carolina.
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Atlantic region, the average cost of fuels repre
sented about 48% of the average price of delivered
power in 1974. Furthermore, some 32% of all
electricity was generated by oil and natural gas,
which were also the two major fuels used directly
by households and by commercial and industrial
firms. Thus the costs of electricity production
were and still are very dependent upon the prices
of natural gas and oil. This problem of inter
dependence can be properly handled In a simulta
neous equations system in which the electricity
price is endogenously determined.

and their causal factors.* This econometric
model Is then used to forecast demand based on
alternative future scenarios. The forecasting
model developed in this paper embodies the follow
ing important features. First, our model is
regional, and it provides state-by-state forecasts.
Second, our model takes into account both shortrun and long-run responses to several exogenous
changes; therefore, it is a dynamic model.
Third, the model is sectoral; It forecasts demands
for the residential, commercial, and industrial,
sectors. Finally, we develop a simultaneous
equations model consisting of one demand equation
and one price equation. Thus, the model reflects
the interaction of demand and supply occurring
within a declining block-rate price structure.

The structure of our electricity demand model is
detailed in Fig. 1. Electricity demand (E) and
electricity price (P) are the two endogenous
variables to be explained in the model. The
interaction between demand and price is shown, in
the diagram in which DD is a demand curve describ
ing the behavior of electricity customers. PP is
a price curve which approximates a declining
block-rate schedule. The observed average elec
tricity price is, therefore, determined at the
intersection of DD and PP.

2. METHODOLOGY
Econometric forecasting involves two stages of
analysis. The first stage is model development,
in which we estimate electricity-demand functions
based on historical data. The second stage is
model simulation, In which we use the parameters
from the first stage and estimates of future
values of explanatory variables to forecast
electricity demand.
Historically, electricity price has never been
determined at the market place; rather the rate
schedules were regulated in most cases by the
state public utility commissions. Although
electric rates were regulated, we still encounter
difficulties with simultaneity between demand and
price when we try to estimate electricity demand.
This is because of the following two problems.
The first problem is the use of average price in
our econometric analyses. Since electric bills
were calculated from declining block-rate sched
ules, average electricity prices depend upon the
quantity of electricity each customer used. The
fact that electricity rate is declining in succes
sive blocks implies an inverse relationship
between the quantity and price per unit of elec
tricity consumed. Because of data limitations,
this problem Is very difficult to handle empir
ically (see Taylor19). Although the use of some
marginal price measures is theoretically more
plausible, the available empirical evidences
(mostly based on the typical electric bills) have
failed to demonstrate the superiority of using
marginal prices. This failure Is partially due
to the difficulty in constructing appropriate
marginal price measures. Despite those evidences,
one cannot ignore the problems of simultaneity
and identification associated with the use of
average price. Recent studies by Halvorsen,11
Chern,3 and Wider and Willenburg31 have shown
that the bias to this simultaneity can be greatly
reduced if average electricity price is endogenized
in the system. The second problem Is associated
with the interdependence of price of electricity
and prices of natural gas and oil. In the South

Figure 1 also lists all exogenous variables
examined in the model. In general, demand Is
specified to be a function of demographic, cli
matic, and economic factors. Mathematically, the
demand equation can be written as
Eit = a0 + (1 “ A)Eit-l + aipit + “Ait + Uit ’ (1)
where
i
t
E
P
A
u

stands for the state,
represents the time period,
is the quantity of the electricity sale,
is the average price of electricity,
is a vector of exogenous variables,
represents the error term.

Also, the a.'s are unknown coefficients and a Is
1
a vector of coefficients to be estimated. Equa
tion (1) is dynamic, as derived from the partial
adjustment model, where A Is known as the adjust
ment coefficient.
The average price of electricity is theoretically
determined by the relevant rate schedule and the
level of consumption. Historical data on rate
schedules are Incomplete and still not In a
usable form. However, the level and slope of the
rate schedule are presumably related to the
underlying cost structure. Therefore we assume
P.„ = bn + b,E. + SB + v .
it
0
1 it
it
it

where B is a vector of exogenous variables, v is
the error term, the b 's are coefficients, and 6
is a vector of coefficients to be estimated.

Throughout this paper, the word "demand" is used in the traditional sense of the economists to refer
to kilowatt-hours; it is the same as the word "energy" used by the electric utility industry.
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( 2)

Electricity Price (P)
Residential: PR
PC
Commercial:
PI
Industrial:

Electricity Demand (E)
Residential: ER
EC
Commercial:
El
Industrial:

Price

Demand
Residential Sector
Price of natural gas (PGR)
No. 2 oil price (PO)
Per capita personal income (PCI)
Number of customers (CR)
Population (POP)
Heating degree days (HDD)
Average July mean temperature
(AMN)
State dummies (D^)
Price and income deflator:
cost of living
index (CLI)

Industrial Sector

Commercial Sector
Price of natural gas (PGC)
No. 2 oil price (PO)
Per capita personal income(PCI)
Population (POP)
Heating degree days (HDD)
Average July mean temperature
(AMN)
State dummies (Dj)
Dummy for Maryland for 1961-74
(MD)
Price and Income deflator:
cost of living index (CLI)

Price of natural gas (PGI)
No. 6 oil price (POX)
Coal price (PCA)
Value added in manufacturing
(V)
Number of employees In
manufacturing industries (M)
Wage rate of manufacturing
employees (W)
State dummies (Dj)
Dummy for Maryland for 1961-74
(MD)

Costs of fuels used by
electric utilities (FC)
Operating and maintenance
costs of generation,
transmission, distribution
(OMC)
Total costs (TC D FC + OMC)
Capacity utilization (CU)
State dummies (D )

Price deflator: wholesale
price index of intermediate
materials (WPI)

Fig. 1.

Structure of the model.
structural equations, they are termed constrained
reduced forms. If the reduced forms are estimated
directly from the sample data, they are in fact
unconstrained. Kleinli+ has argued that the
constrained reduced forms are more efficient for
prediction than the unconstrained equations. On
the other hand, Dhrymes6 has recently shown that
2SLS-induced, restricted reduced-form estimators
are not necessarily (asymptotically) efficient
relative to unrestricted reduced-form estimators.
In our application, we found that, with respect
to the sign of the estimated coefficients, the
constrained reduced forms are more plausible than
the unconstrained reduced forms, and consequently,
they are used for prediction.

Most of the exogenous variables listed in Fig. 1
should be self-explanatory. In the residential
sector, the population variable is not directly
used as an exogenous variable; rather, the ratio
of population to number of customers is used to
measure the impacts of the size of a household.
In the commercial sector,'both per capita personal
income and population are used to measure in
directly the level of commercial activities. The
dummy variables for states are included because
the models are estimated for the region while
allowing the constant term to vary from state to
state. The additional .dummy for Maryland reflects
a shift of historical trends of electricity sales
resulting from reclassifications between commercial and industrial customers during this period.
The operating and maintenance costs (OMC) also
include depreciation and taxes incurred in the
production and sale of a kilowatt-hour of elec
tricity. The unit of measurement and data sources
of all endogenous and exogenous variables are
detailed in the Appendix.

3. ESTIMATED STRUCTURAL EQUATIONS
In order to gain a greater efflcieny In estimation,
the demand models for each of the residential,
commercial, and Industrial sectors were estimated
by pooling time-series (1955-74) and crosssectional (seven states) data by 2SLS. State
dummy variables were Included to account for
differences in constant terms/ All variables
except dummies were transformed to a logarithmic
form prior to estimation. Thus the estimated
coefficients are, by definition, elasticities.
In the residential and commercial sectors, all
price and income variables in the demand equations

Equations (1) and (2) are structural equations
which are simultaneously estimated for each
sector by the two-stage least squares procedure
(2SLS). For forecasting, it is more efficient to
use the reduced-form equations, expressing endog
enous variables as a function of lagged endogenous
and all exogenous variables. When the reducedform equations are derived from the estimated

k

See Chern et al.5 for a detailed discussion on the problem of the reclassification of customers.

^We attempted to let several Important parameters such as the coefficients of own-price and lagged
dependent variable vary from state to state. However, it turned out that these results are not
satisfactory.

j
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Table 2. Estimated structural equations,
residential sector®

were deflated by the cost-of-living index.
The
price variables in the industrial demand equation
were deflated by the wholesale price index of
intermediate materials. For all price equations,
the electricity prices and costs were not de
flated/ All variables were observed at the
state level except the wholesale price index
(WPI) for which time-series data were available
only for the nation as a whole.

Variables

Demand (ER)

Endogenous
ER
PR/CLI

The structural equations, that is, Eqs. (1) and
(2), were first estimated, and then the reducedform equations were derived by solving for the
estimated structural equations algebraically.
Estimated structural equations are presented in
Tables 2, 3, and 4 for the residential, commercial,
and Industrial sectors, respectively. Note that
several exogenous variables were excluded in
these final equations because their coefficients
did not have a correct sign.

Exogenous
ER .
t-i
PGR/CLI
PCI/CLI
CR
POP/CR

In the estimated price equations for the residen
tial and commercial sectors, the total cost
variables performed very well. However, in the
industrial price equation, it was necessary to
separate the total costs into two components:
(1) fuel costs (FC) and (2) other operating and
maintenance costs (OMC). The estimated coeffi
cient of FC is greater than that of OMC, suggest
ing that average prices paid by large industrial
customers were affected more by fuel costs than
by other cost components. This result seems to
be consistent with the real world situation in
which we observed that (1) historically, large
Industrial customers paid a relatively lower
price per kilowatt-hour and (2) a large portion
of the distribution costs were Incurred serving
residential and commercial customers. Thus the
Impact of changes in this cost component on the
prices paid by industrial customers should be
less than on the prices paid by residential and
commercial customers.T

HDD
AMN'

-0.082
(-10.8)
-0.296
(-7.14)
0.754
(27.8)
0.026
(1.23)
0.187
(4.54)
0.235
(4.31)
0.113
(1.39)
0.046
(2.18)
0.147
(2.64)
-0.209
(-1.97)
-0.230
(-4.33)
-0.165
(-3.68)
-0.169
(-2.32)
-0.105
(-3.25)
-0.137
(-3.46)

0.587
(19.7)
-0.016
(-0.59)
0.086
(4.91)
-0.002
(-0.10)
0.148
(5.81)
0.153
(6.82)
-0.069
(-3.55)

-0.488
(-0.60)
0.999

2.343
(20.27)
0.921

TC
Dl
d2

D3
d4
d5

d6
Constant
R2

Price (PR)

4. MODEL VALIDATION
aAll variables except dummies are expressed in log
form. The figures in parentheses are estimated
t-ratios.

As commonly done, we simulated the model during
the sample period. A comparison of the original
data series with the simulated series for each
endogenous variable can provide a useful test of
the validity of the model. We computed the Mean
Absolute Percentage Error, the Mean Square Per
centage Error (MSPE), and the Thell Inequality
Coefficient based on the simulation results using
the reduced-form equations. Since the results
for the three statistical measures are very
similar, we present only MSPE in Table 5.

The results show that the computed MSPE fore
casting errors are all less than 5%. They are
less than 1% in many cases. For all three
sectors, the forecasting errors are generally
lower for the demand equations than for the price
equations. It is also noted that the forecasting

*The 1970 state indices derived by Anderson1 were adjusted by the national consumer price index to
obtain appropriate deflators for the sample period.
+This specification of the price equation represents more appropriately the electric rate schedules
than the alternative to estimate deflated electricity price.
^Unfortunately, we could not separate these cost components by consuming class.
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Table 3.
Variables

Exogenous
ECt-1
PGC/CLI
PCI/CLI
POP
AMN

»1
d2
d3
d4
d5

De
Constant
R2

PI/WPI

-0.262
(-3.39)
0.693
(18.55)
0.042
(1.06)
0.424
(4.65)
0.340
(3.79)
0.059
(0.45)

-0.165
(-0.16)
0.998

-0.289
(-3.01)
0.835
(24.8)
0.024
(0.47)
0.037
(0.45)
0.134
(2.96)

PGI/WPI
POI/WPI
V/WPI

0.480
(25.4)
0.129
(3.33)

FC
OMC
MD
-0.231
(-7.93)
0.001
(0.04)
-0.166
(-8.09)
0.025
(0.84)
0.030
(1.09)
0.014
(0.59)
2.052
(15.53)
0.879

Dl
d2
d3

D+
D5
d6

R2

errors are higher in the commercial and industrial
models, than in the residential model. Thus the
overall performance of the estimated econometric |
model is remarkable within the sample period. It
is expected, of course, that the forecasting
errors beyond the sample period are generally
higher than those computed from the within-sample
simulation.5
5. PRELIMINARY FORECASTS OF ELECTRICITY
DEMAND GROWTH
i
In this section, we provide some preliminary
forecasts based on the econometric models devel
oped in Sect. 3. These forecasts are considered
preliminary because some of the assumptions used
for forecasting are subject to further evaluation
and refinement. It is intended here to show the
sensitivity of future electricity-demand growth
to changes in exogenous variables. The following

-0.087
(-2.51)
-0.296
(-4.47)
-0.453
(-0.81)
-0.119
(-3.27)
-0.128
. (-3.17)
0.030
(0.63)
-0.074
(-2.33)

Constant

®A11 variables except dummies are expressed in log
form. The figures in parentheses are estimated
t-ratios.
I
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Price (PI)
-0.063
(-3.57)

Exogenous
El

,

0.676
(18.84)
0.209
(6.75)
-0.089
(-0.44)
-0.258
(-5.17)
-0.069
(-1.27)
-0.061
(0.50)
-0.085
(-1.66)
-0.009
(-0.16)

Demand (El)

Endogenous
EC

-0.074
(-8.73)

TC
MD

Variables

Price (PC)

Demand (EC)

Endogenous
EC
PC/CLI

Table 4. Estimated structural equations,
industrial sector®

Estimated structural equations,
commercial sector®

-0.167
(-4.34)
0.108
(4.74)
-0.069
(-2.72)
0.002
(0.07)
-0.126
(-3.69)
-0.135
(-4.88)

0.350
(0.83)

2.110
(9.22)

0.996

0.917

®A11 variables except dummies are expressed in log
form. The figures in parentheses are estimated
t-ratios.

forecasts are performed for the period of 19751990.
5.1

Future Scenarios

In order to make forecasts, we must first estimate
the future values of all exogenous variables In
the model. Our primary interest here focuses on
the impacts of energy prices because future
energy prices, to a great extent, depend upon
current and future energy policies, and thus,
they can hardly be predicted. Focusing our
sensitivity analyses on alternative scenarios of
energy prices could, therefore, provide useful
bases for evaluating alternative energy policies.
Of course, our econometric forecasting models are
capable of evaluating alternative scenarios of
other exogenous variables, such as the growths of
households, population, or industrial activities.

Table 5.

Computed mean square percentage errors (MSPE) for 1956-74a

State

Residential sector
Demand
Price
(PR)
(ER)

Delaware
Maryland®
Virginia
West Virginia
North and South
Carolina
Georgia
Florida

Commercial sector
Price
Demand
(PC)
(EC)

Industrial sector
Price
Demand
(El)
(PI)

0.53
0.47
0.24
0.61
0.79

1.22
0.94
0.74
1.91
3.11

0.83
1.39
0.95
1.25
1.16

2.11
2.01
1.59
2.31
3.10

2.57
1.62
0.43
0.77
0.53

4.56
3.50
2.39
1.73
2.88

0.29
0.23

0.69
0.83

0.40
0.90

0.59
0.76

0.46
1.18

0.85
1.43

®MSPE is computed by

where
y = the predicted value of y (could be either demand or price),
y = the actual value.
Jt
T = the number of periods in the simulation (19 in our case).
^Includes the District of Columbia.
growth rates for CLI are 5.2% (1974-80), 4.8%
(1980-85), and 3.9% (1985-90). The projected
growth rates for WPI are 5.1% (1974-80), 3.4%
(1980-85), and 2.7% (1985-90). The same growth
rates were applied to every state in the region.

The assumptions on exogenous variables are either
based on the projections made by public or private
sources, or based on judgment. The assumptions
on non-price variables remain the same while
three alternative scenarios are developed for
price-related variables. These assumptions are
detailed as follows.
Population (POP): The Bureau of Economic Analysis'
projections based on the Census Bureau's Series "E"
national population projection were used.21
These projections are the same as the OBERS.

Value added in manufacturing (V): There are no
estimates of the value added in manufacturing
available by state. The projected growth of the
earning by manufacturing industries provided by
the Bureau of Economic Analysis were thus used.21
Fuel prices and costs of electricity production:
Three sets of assumptions are developed to investi
gate the sensitivity of future electricity demand
to changes in the prices of substitute fuels used
by electricity customers and the cost variables
related to electricity generation, transmission,
and distribution. In our base case we took the
Hudson and Jorgenson13 projections of the prices
in current dollars of natural gas, refined petro
leum products, and coal. To derive the estimate
for the composite average of the costs of fuels
and total cost of electricity production per
kilowatt-hour is more complicated. The cost of
fuels depends upon the shares of various fuels
used by electric utilities. This composition of
fuels varies from state to state. We took the
1974 data and derived the exact relationships
between composite fuel costs and prices of fuels
used by utilities for each state. The costs of
fuels are then projected based on assumed prices
of natural gas, petroleum products, and coal.*

Real per capita personal income (PCI/CLI): The
forecasts made by the Bureau of Economics Analysis
were used.21
Number of residential customers (CR): Since the
number of residential customers approximates the
number of households, we used the growth rates
projected by the National Planning Association
for the numbers of families and unrelated indi
viduals .1®
Heating degree days (HDD) and average July mean
temperature (AMN): We assume normal weather
conditions throughout the projected period. For
HDD, we took the average of 1931-1973; for AMN,
we used the average for 1970-1974.
Price and income deflators (CLI) and wholesale
price index (WPI): We used the projections of
Data Resource Inc. for the consumer price index
and the wholesale price index. The projected

A more realistic approach which takes into account the projected costs of nuclear power plants and
costs of uranium is currently being developed.
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casts of all states in the region. Since our
primary interest is in demand forecast, we do not
present the forecast electricity prices even
though these forecasts are also available. Our
econometric models cover the residential, com
mercial, and industrial sectors. There are
miscellaneous categories of sales (street and
highway lighting, other public authorities,
railroads and railway, and interdepartmental
uses) that were not included in these models. In
1974, these miscellaneous components accounted
for 3% of the total sales in this region. This
portion of electricity demand was estimated by
using its average percentage of total sales over
1970-74 and was included in our estimate of total
demand. For the region as a whole, we forecast
that the total electricity sales will grow from
27.9 billion kWhr in 1974 to 72.7 kWhr in 1990.

For the operating and maintenance costs component,
we assume it will increase slightly more than the
increases in the wholesale price index. The
projected total electricity costs are the weighted
average of projected fuel costs and operating and
maintenance costs. The percentages of these two
cost components in 1974 were used as weighting
factors. The projected fuel prices and cost
components in terms of annual growth rates are
detailed in Table 6. All of these variables are
expressed in current dollars.
In the low-price case, we assume that all fuel
prices in the residential and commercial sectors
will decrease at the same rates as the cost-ofliving index. All prices of fuels in the indus
trial sector will increase at the same rates as
the wholesale price index. Furthermore, the
costs of fuels and operating and maintenance will
increase at the same rates as the wholesale price
index. In other words, it is assumed, in this
case, that the real prices of fuels and the real
costs of electricity generation, transmission,
and distribution will remain at the 1974 level.

Projected annual growth rates for 1974-90 are
presented in Table 8. The projected growth rates
are smaller than those observed in the 1955-70
period in all sectors and in all states. In
general, the growth rates in the residential and
commercial sectors are higher than the growth
rate in the industrial sector. The projected
.growth rates vary considerably among states.
These variations can be attributed to the differ
ences in the projected rates of growth in popula
tion and number of customers for the residential
and commercial sectors and in the value added in
manufacturing for the industrial sector. For
example, the projected rates of growth in popula
tion and number of residential customers are the
lowest in West Virginia and the highest in

In the high-price case, we assume the growth
rates of all price and cost components in the
base case will be doubled in real terms.
5.2 Forecasts of Electricity Demand:

1975-1990

To save space, we only present, in Table 7, our
forecasts of electricity demand by sector for the
region for 1980, 1985, and 1990. These regional
figures were obtained by summing over the fore

Table 6. Projected annual growth rates of price and cost
variables, base case
Variables

1974-80

1980-85

1985-90

Price of natural gas (PGR, PGC)

7.11

5.89

6.45

Price of natural gas (PGI)

7.11

5.89

6.45

Price of oil (POI)

5.25

6.19

5.79

Fuel Costs (FC)
Delaware
Maryland
Virginia
West Virginia
North and South Carolina
Gerogia
Florida

5.86
5.90
6.00
7.34
7.09
6.82
5.72

6.39
6.40
6.44
6.88
6.78
6.66
6.25

5.86
5.87
5.87
6.00
5.98
5.98
5.89

6.10

4.40

3.70

5.95
5.95
6.02
6.76
6.97
6.50
5.88

5.67
5.86
5.97
5.71
6.49
6.49
5.47

5.08
5.28
5.37
4.92
5.71
5.71
4.97

Operating and Maintenance Costs
(OMC)®
Total Electricity Costs (TC)
Delaware
Maryland®
Virginia
West Virginia
North and South Carolina
Georgia
Florida
alncludes the District of Columbia.

^Includes depreciation of capital and taxes.
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Florida, and so are their projected growth rates
of electricity demand in the residential and
commercial sectors.

substantially the growth of electricity demand;
lower fuel prices and costs will do the opposite.
These sensitivities hold in all three sectors and
in all states. In Florida, which leads in growth
rates of residential and commercial demands, the
forecast growth rates for the total demand range
from 6.8% in the high-price case to 8.2% in the
low-price case.

The comparison of the base, low-price, and highprice cases clearly indicates that electricity
demands are sensitive to fuel prices and costs
of generation, transmission, and distribution.
Higher fuel prices and costs will slow down

Table 7. Forecasts of electricity demand by sector, South Atlantic region
Residential
Case

Commercial

Industrial

Total3

Year
109 kWhr

Actual

1974

107

69

95

279

Base case

1980
1985
1990

159
220
296

105
150
208

135
176
219

415
567
750

Low-price case

1980
1985
1990

163
237
342

107
158
233

139
194
261

425
512
867

High-price case

1980
1985
1990

156
204
254

104
142
187

131
161
184

406
526
650

®Total includes other miscellaneous categories.
Table 8. Forecasts of annual growth rates of electricity demand
by sector and state, South Atlantic region, 1974-1990
State

Case3

Residential

Commercial

Industrial

Total

Delaware

H
L
H

5.0
5.8
4.2

4.8
5.4
4.2

3.0
3.9
2.2

4.0
4.7
3.2

Maryland^

B
L
H

5.2
6.1
4.3

6.8
7.5
6.1

2.0
2.9
1.2

4.8
5.6
4.0

Virginia

B
L
H

6.1
7.1
5.2

7.2
8.0
6.5

4.3
5.2
3.5

6.1
6.9
5.2

West Virginia

B
L
H

4.1
5.2
3.1

4.6
5.4
3.8

4.2
5.6
2.8

4.2
5.5
3.1

North and South
Carolina

B
L
H

6.7
8.1
5.3

6.7
7.7
5.6

6.7
8.1
5.4

6.7
8.0
5.4

Georgia

B
L
H

6.5
7.1
5.2

6.6
7.3
5.9

5.5
6.7
4.2

6.2
7.0
5.1

Florida

B
L
H

7.4
8.2
6.7

5.6
6.4
4.9

7.5
8.2
6.8

Regional total

B
L
H

6.6
7.5
5.6

8.4
9.0
7.9
7.2
7.9
6.5

5.3
6.5
4.2

6.4
7.3
5.4

®B = Base case, L = Low-price case, and H = High-price case.
^Includes the District of Columbia.
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Comparing our state forecasts to those made by
Tyrrell29 in 1973, we found many significant
differences. There are three reasons for these
differences: (1) Tyrrell used the models esti
mated for the U.S. as a whole; (2) he used an
earlier projection of population growth which did
not reflect fully a high growth potential in
southern states; and (3) different assumptions on
explanatory variables were used. For example,
his base-case forecast of the annual growth rate
of residential demand in Florida is 5.1% for 1970
to 1990. Our base-case forecast is 7.4% for this
comparable period. The historical growth rate is
13.7% per year during 1955-73.
For the region as a whole, our base case indi
cates that residential demand will grow at a rate
of 6.6% per year from 1974 to 1990. The growth
rates for the commercial and industrial sectors
are 7.2% and 5.3%, respectively. The projected
rates of growth for total demand range from 5.4%
in the high-price case to 7.3% in the low-price
case. By comparison, the Federal Energy Admin
istration9 estimated the growth rates for this
region to be 7.99%, 4.1%, and 4.85% for the
residential, commercial, and industrial sectors,
respectively, in its $13 Reference Case. For the
residential sector only, Dole7 recently forecast
the rate of growth to be 5.3% from 1970 to 1990
in his high-price case.

Based on our preliminary forecasts, we offer the
following conclusions.
a.

Electricity demand will continue to grow in
all sectors and in all states in this region.
However, the rates of growth will be consid
erably lower than those observed in 1950s and
1960s. As forecast in our base case, the
total electricity demand in this region will
grow at a rate of 6.2% per year for 1974-90
as compared to 9.7% during 1955-70 and 8.6%
during 1970-73.

b.

The forecast rates of growth in electricity
demand vary considerably from state to state;
Florida has the highest and West Virginia has
the lowest rate. These variations suggest
that the forecasts at the national level
should not be used as the basis for making
energy policies at the regional or state
levels.

c.

Electricity demand is found to be sensitive
to changes in prices of fuels and costs of
generating, transmitting, and distributing
electricity. The results show that for this
region, doubling the rates of growth for all
fuel prices and electricity costs in real
terms would reduce total electricity demand
by 14%.

d.

Electricity demand in this region, particu
larly in the residential and commercial
sectors, will grow at a faster rate than for
the nation as a whole. This higher growth
rate is a result of higher growth rates of
population and number of residential customers
as projected.

It is also noted that our forecast growth rates
in this region are generally higher than national
forecasts. For example, Chern et al.9 estimated
the rates of growth in total electricity demand
for the U.S. to be 4.2%, 3.0%, and 4.6% for the
residential, commercial, and industrial sectors,
for the period of 1973-85. For the residential
sector only, Hirst et al.12 recently forecast
that electricity demand in the U.S. will grow at
a rate of 4% per year between 1970 and 1990.
Relatively higher growth in the South Atlantic
region is greatly due to the projected higher
growth rates of population and number of resi
dential customers for all states except West
Virginia.
6.
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APPENDIX

UNITS OF MEASUREMENT AND DATA SOURCE FOR VARIABLES
Variable

Unit of
measurement

Source

ER, EC, El

106 kWhr

8

PR, PC, PI

$/103 kWhr

8

PGR, PGC, PRI

$/103 kWhr

1

PO

C/gal

POI

15, 30
21, 22, 23

PCI

C/gal
103 dollars

RC

Millions

8

POP

Thousands

24

HDD

Days

16

AMN

Degrees

17

CLI

Fraction*
7,

PCA

Percent (100 in
1967)

2, 21, 22,
21, 22, 23

V

106 dollars

26, 27, 28

M

Thousands

23, 25

W

$/hr

23, 25

WPI

Fraction (1.0 in
1967)

21, 22, 23

FC

t/kWhr

10

OMC

Mills/kWhr

10

TC

Mills/kWhr

10

CU

Percent

10

21, 22, 23;

®See list of references.
7Based on the national consumer price index in
which the 1967 value is 1.0.
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I. INTRODUCTION
There have been a number of studies attempting to
determine income and price elasticities of demand
for petroleum products. These studies vary great
ly in terms of model specification and in the type
of data used. The immediate purpose of this paper
is to formally investigate the time distribution
of the income and price variables on the demand
for gasoline in the United States during the time
period 1949-1973. Gasoline was selected because
it is the principal refined petroleum product and
is important in its own right. However, the more
fundamental purpose is to contribute to the metho
dological literature and to suggest statistical
procedures to more nearly approximate the true lag
structure of selected independent variables.
The paper is organized along the following lines:
Section II briefly surveys the model specifications
used in some recent and important gasoline demand
studies. It will become apparent that the analy
sis of lag distributions is not very highly deve
loped at present. Section III outlines some dis
tributed lag models and develops the rationale for
the model used in this study. Section IV presents
the empirical analysis and Section V is the con
clusion. The net result of this analysis is that
income and price elasticities are estimated within
the framework of time.
II. A SURVEY OF GASOLINE DEMAND ESTIMATION
This section outlines several models which have
been employed to estimate the demand for gasoline;
it is not our intent to present a comprehensive
survey of gasoline demand estimates. Rather, the
purpose is to provide a background for the distri
buted lag model which will be developed in the
following section.
A basic procedure in analyses of gasoline demand is
to posit the demand for gasoline (g+-) in time
period "t" as a linear or log linear function of
per capita income (yt) and own-price (pt). The
most convenient functional form from the standpoint
of estimation and interpretation is the double
logarithmic equation:
log gt = a + 6 log yt +

y

log pt + et, (1)
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since 3 and y are simply income and own-price
elasticities of demand. The dynamic "flow adjust
ment" model employed by Houthakker, Verleger and
Sheehan (MVS, 1975) uses equation (1) to account
for short-run variations in gasoline demand and
simply lags the dependent variable one period to
account for adjustments m the stock of motor vehi
cles. Pooling time series and cross-section data
for individual states they estimated short-term
price and income elasticities of -0.075 and 0.30
respectively and corresponding long-run elastici
ties of -0.70 and 1.15. Kennedy (1974) employed
precisely the same model using cross-sectional data
for OECD countries. A principal extension of this
approach is to add more independent variables
(e.g., prices of substitute fuels, prices of com
plementary goods such as automobiles, and degree of
urbanization), and to examine demand by sector or
even by vehicle type.
The Federal Energy Administration's gasoline demand
model, which is a part of a larger transportation
sector model, illustrates an ambitious effort in
this direction. In all there are twenty equations
linked together in a linear programming framework.
In this model the demand for..."automobile gaso
line is determined by separately modeling vehicle
miles and fleet average miles per gallon (mpg) for
automobiles. Vehicle miles (VM) is specified to
be function of per capita income, the cost of vehi
cle operation (both time and fuel cost), and the
unemployment rate. Automobile use of gasoline is
determined as the ratio of automobile vehicle miles
to the average fleet efficiency. Efficiency (i.e.,
mpg) of the existing stock of automobiles is deter
mined as a weighted average of efficiencies of
automobiles from various vintages (years produc
ed)." (FEA, 1976). The main emphasis is upon longrun elasticities and the generation of scenarios
to provide a basis for evaluating alternative poli
cies. The price and income elasticities employed
for automobiles in 1976 were -0.480 and 0.976 re
spectively.
Other models, more competitive than complementary
to the double logarithmic stock adjustment model,
have specified functional forms which ensure that
the absolute value of the price elasticity of de
mand increases with rising prices and that the

income elasticity of demand decreases with rising
income. As an example,
log qt = a' + 3' 1_ + YPt + E't'
Yt

(2)

[Ramsey, et.al., (1975)]. This specification is
far more acceptable on theoretical grounds than the
constant elasticities imposed by a double logarith
mic specification. However, in all these models the
underlying assumptions regarding the lagged re
sponse to changes in income and price appear to be
inadequate.
III.

THE DISTRIBUTED LAG MODEL
A.

bution which will impose the desired "inverted V"
distribution but which is still very flexible.
Finally, there is the general polynomial lag pro
posed by Almon (1965). This method is more flexi
ble than either the geometric or Pascal lag proce
dures as the parameters can be made to fall upon
a polynomial of any desired degree, given some
finite lag period.
B.

Specified Model and Hypotheses About Lag
Distribution Shape and Lag Length

The model employed in this paper Is the general
polynomial lag structure described by
n
m
(3)
log g* a + l 6+ log yt-i+1 + ®

General Comments
log Pt-j+1 + et>

Exploration along the lines outlined above is
necessary but the assumption that current values of
the dependent variable are solely a function of
current values of a set of independent variables
appears unsatisfactory. Lagging the dependent vari
able is perhaps a reasonable first approximation_
but it does place an inordinate burden on that sin
gle variable. We assume that the demand for gaso
line adjusts dynamically to underlying economic
factors (such as price and income) so that their
effects are spread out over time. This procedure
is intuitively more appealing than the stock ad
justment model since the effects of income and
price over time are taken more explicity (and sepa
rately) into account.

where g, y, and p have been previously defined,
the unknown lag lengths are n and m. This model
was selected rather than the geometric or Pascal
lag structures for quite specific reasons. The
geometric lag structure has several advantages and
is in wide use, but it presumes a continuously de
clining weight structure. We wish to explore the
possibility that the peak of the lag distribution
occurs during some time period after the given
change in income or price. Substantive changes in
price or income may not be immediately recogniza
ble as such or consumers may feel that changes in
consumption habits are not warranted until some
time has passed. Either of these possibilities
suggest that a continuously declining lag distri
However, one incurs certain costs when lagged values bution is too restrictive.
of the independent variables are included in the
The Pascal distribution was also rejected even
analysis. First, if the lag length is large, there
though it allows for a delayed response. The
may not be enough observations to estimate all the
Pascal distribution allows only a single peak,
parameters. Second, even if enough observations
whereas we wished to allow for a lag distribution
are available multicollinearity is likely to be
with twin peaks. Given a change in price or income
severe and its well known detrimental effects pre
there may be more than one distinct reaction.
sent. Rarely are distributed lag models posited
While there may be an initial short-run response
and estimated directly. Instead, restrictions are
there may also be a long-run response (such as a
placed on the coefficients of the lagged indepen
change in fleet characteristics or in fundamental
dent variables. The primary purpose of the re
patterns of usage) which is completely separable,
strictions is to substantially reduce the number
but equally well defined; and which takes a longer
of parameters to be estimated and thus ameliorate
time to mature. The flexibility of the polynomial
the ill-effects of multicollinearity. Asecond
lag structure in allowing all of these lag shapes
purpose, however, is to impose an intuitively
makes its selection appropriate.
appealing degree of smoothness to the relationship
between the distributed lag parameters.
The polynomial lag hypothesis involves the deter
mination of two parameters, the length of the lag
There are several types of lag restrictions widely
and the degree of the polynomial structure, which
used in the estimation of distributed lags. One
cannot be estimated concurrently with the other
such restriction is that parameters on sequentially
parameters. While reasonably satisfactory statis
lagged values of the independent variable should
tical procedures exist for selecting the appropri
decline geometrically. The popularity of this
ate polynomial degree given the selection of the
technique can be attributed to several factors,
lag length, there is not yet a widely accepted
not the least of which is the wide availability of
method of determining the appropriate lag length.
computer programs to perform the necessary compu
Furthermore, there is little evidence concerning
tations. In addition, the technique is "economi
the correct lag length.
cal" in terms of the number of parameters which
must be estimated.
Thus, we consider lag lengths of up to twentyfour months and select the "best" lag length by
An alternative presumption is that the lag para
inspection of the goodness of fit, "t" statistics
meters should at first increase and then decrease.
and
parameter signs. Conditional on this choice
While such shapes way be generated in many ways a
the optimal polynomial degree is selected on the
common technique is to employ a Pascal lag distri
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basis of a mean square error loss function. The
appropriateness of this criterion can best be
shown in section V, after the estimation has been
explained more fully.
IV.

10
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SPECIFIC ESTIMATION PROCEDURE

In this section the Almon polynomial lag hypothesis
is made more precise, the implied restrictions
identified, and an evaluation procedure suggested.
For simplicity the presentation is general and for
one lagged independent variable. These results
are directly and easily extended however to situa
tions involving more than one lagged independent
variable.
Lagged models to which the Almon hypothesis is
applied are of the form:
y = Xw + e

:L l(in).... •

V+l^n1

0 0 0

!.. i w(n)

Note that adding either tail or head constraints on
the lag distribution simply amounts to adding one
more row to the restriction matrix with a one in
the appropriate column and zeroes elsewhere. We
chose not to use such contraints because of the
severe structural restrictions imposed.
In matrix terms, with L = [Ifl+p...Iu] 311 aPPr o Pr i~
ately constructed matrix of Cagrangrian coeffici
ents, the Almon estimator as conventionally
expressed is

(4)

where y is a (T-n+1) vector of observations on the
dependent variable, X is a [(T-n+1) x n] matrix of
appropriately lagged values of the nonstochastic,
independent or explanatory variable, w is the
(n x 1) vector of lag weights, and £ is a (T-n+1)
x 1 vector of error terms assumed to normally and
independently distributed with mean zero and finite
variance a2. The Almon method presumes that the
true lag weights are ordinates of a real valued
function f which can be approximated by a poly
nomial in a closed interval. In particular, let
the approximating polynomial of degree q (< n) be
q
•
w(i) = E a-jiJ. The Almon method proceeds by
j=0
selecting q+1 points in the domain of w(i) and
estimating corresponding points on the polynomial,
i.e., w(ik) for k=l,..., q+1, which are also taken
as estimates of points on the true lag function f
evaluated at ip through iq+p. With these q+1 esti
mated values, the distributed lag weights are cal
culated from the expression,
q+1
w(i) = E Lk(i) w(ik), i=l, ..., in
(5)
k=l
where Lk(i) are the Lagrangian interpolation coef
ficients (See Almon, (1965) for their definition).
For ip, ..., in+p equation (5) indicates that the
distributed lag weights are equal to their esti
mated values, as Lk'(ik') equals one if k=k' but
zero otherwise. At the points iq+2 , iq+3 ....
ijj, however, the lag weights are linear combina
tions of the q+1 estimated values. Accordingly,
the expressions in equation (5) can be written
more informatively as
q+1
w(i) - E Lk (i) w(ik) = 0.
(6)
k=l

w = L' (LX'XL1)"1 LX'y

(8)

where according to equation (2) w = (w(l), w(2),
..., w(n)'. It is straight-forward to show that
the estimator expressed in equation (8) can be
equivalently obtained in a more standard restricted
least squares (RLS) format. Specifically, the
RLS estimators obtained by minimizing the sum of
squares for the model as expressed in equation (4)
subject to the n-q-1 linear homogeneous restric
tions in equation (7) are equivalent to those esti
mated using the Almon approach. This claim is
easily verified by substituting the restrictions
directly into equation (4) and making the algebraic
simplifications necessary to show that the expres
sion is identical to the one used to estimate the
function points via the Almon method. Writing the
matrix on the left hand side of equation (7) as
[ : l r : ..

written

In-q-i],
the equation in (5) can be re+n-q
I

w = L'wp

(9)

LRwhere wi is a vector made up of the first q+1 ele
ments of w. Furthermore, the restrictions in equa
tion (7) Become
Rw = -Lr
or

Wp

+ In_q_p

W2

=

0 ,

w~ = LR wq.

(10)

On the basis of (10) then the Almon problem can be
written
X. = Xx wi + X2 W2 + y
[Xp ;x2]

*q+l Wp + e

L lR-I

(

11 )

XL' wp + e
The n-q-1 homogeneous equations in (6)
valently expressed as L = 0_ where R
[(n-q-1) x n] matrix antr w and 0_ are n
Specifically the homogeneous equations
parameter restrictions are

can be equi
is a
x 1 vectors.
giving the
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where X has been partitioned to conform to the
partitioning of w. The least squares estimate of
wq, w,, is wq = /LX'XL')'1 LX'y. Using equation
‘(1°) , w2 =aLr (LX’XL')'1 LX'y. Combining the re
sults for Wp, and (Jp gives the Almon estimator in
equation (Fj.

For purposes of applications, the equivalent RLS
formulation for estimating the lag coefficients has
several important aspects. First, for each lag
length, polynomial-degree pair (n, q) there is a
different but identifiable set of restrictions.
These restrictions are clearly not dependent upon
the sample data. Secondly, for fixed lag length n,
the restrictions can be shown to be nested (using
an associated argument in terms of orthogonal poly
nomials) so that a reduction in the order of the
approximating polynomial simply adds on additional
independent restriction on the parameters w. This
latter property suggests the possibility oT testing
the appropriateness of lowering the polynomial de
gree by a test of the corresponding restrictions.

ing a restricted, say w, to an unrestricted esti
mator, say w*, of w in equation (1), w is said to
be "better" than w*" if for every m x 1 vector d/0
(where m is the number of parameters),
MSE (d'w) < - MSE (d'w*)

(12)

where the MSE equals the variance plus squared
bias. The well known statistic
u = TSSE (w)

- SSE(w1!)] + SSE (w*)_, (13)
J
T-K
where SSE (•) is the sum of squared residuals for
the indicated estimator, J is the number of inde
pendent restrictions and T-K is the number of de
grees of freedom, has a noncentrality F distribu
Tests of restrictions in the standard RLS framework
tion with J and T-K degrees of freedom, and a non
require the identification of a norm.
The appro
centrality parameter has been shown that the
priate statistic with which to evaluate the restric inequality in equation (12) is equivalent to the
tion (s) depends upon the purpose to which the esti
inequality A< h and thus a uniformly most powerful
mators are to be put and/or the chosen norm. For
test of the Bypothesis Ho: MSE (d'wj <_ MSE (d'w*),
example, if a structural norm is to be applied a
for every d^O, can be based on tBe critical points
number of useful options exist. These range from
in the distribution F(J,T-K,Jj). These points have
the simple F statistic calculated from the resi
been conveniently tabled by Wallace and Toroduals of restricted and un-(or less) restricted
Vizcarrondo (1969). The critical value for
models to various forms of the tests based on the
F(9,400,y, which applies for the maximum number
mean square error criterion. For RLS problems of
of restrictions and nearest number of observations,
the type implied by the Almon method such tests
at the .05 level of significance is 2.109. None
and test statistics are well developed [Toroof the calculated values of the statistic is great
Vizcarrondo and Wallace (1968), Wallace (1972) and
er than this critical value so all the polynomial
Yancy, Judge and Bock (1973)]. For predictive pur
structures provide estimates which are MSE superior
poses, the design implicit norm suggested by
to the unrestricted estimates. The effect of
Wallace (1972) and the bias of predictign norm
applying the restrictions sequentially was also
developed by Spj0tvoll (1972) are useful and readi
tested on this MSE criterion and the application of
ly available options for testing competing orders
each individual restriction was found to be accept
of polynomials.
able based on the above test. Given this situation
the best choice is that acceptable model which is
One purpose is to investigate the structural co
most restricted, which, in this case is the model
efficients of distributed lag models relating the
imposing a second degree polynomial to coefficients
consumption of gasoline to income and price. As
of the lagged income variable.
a result, we adopt a mean square error measure of
goodness and the appropriate hypothesis tests of
A more stringent test of restrictions (hypotheses)
Toro-Vizcarrondo and Wallace (1968). Selecting
is that provided by the Classical F test, which
such a norm and applying a well known test, to aid
hypothesizes the truth the restrictions. It does
identification of the appropriate lag structure is
not allow trade-off's between the estimator's vari
a clear improvement on many earlier attempts to use
ance and bias. Under this norm the hypotheses are
the data to help with such specification. Schmidt
rejected if it appears bias is induced into the
and Waud (1973) illustrate problems of earlier
estimates by their application. This test is equi
researchers, Andersen and Jordon (1968) and
valent to testing that the statistic listed above
Corrigan (1970), who do not search over a fairly
is distributed as a central F distribution with J
wide range of lag lengths and polynomial degrees.
and T-K degrees of freedom. Even using this more
Schmidt and Waud suggest a criterion of maximum
demanding test the applicability of the restriction
R2 (or minimum standard error of regression) for
can not be rejected at the .05 level of signifi
the selection of the "best" lag length and poly
cance [F(9,400) = 1.89]. Thus we are free to choose
nomial degree. We too feel that it is necessary
the most restricted model, providing us with the
to systematically consider alternative lag lengthmost precise estimates, knowing that the induced
polynomial degree pairs, but while ad hoc proce
bias is "not too" severe.
dures, such as the ones they suggest, are still
necessary to select the lag length under struc
IV. EMPIRICAL ANALYSIS
tural norms, casting the Almon problem into a RLS
format indicates that standard statistical litera
A. The Data
ture is more useful in determining the parameters
of the lag polynomial than has apparently to now
This study is based on the data from the Survey of
been obvious.
Current Business and covers the period 1949-74.
The gasoline quantity and price variables are ex
The particular norm we use is the "strong" mean
pressed in gallons per capita and dollars per
square error (MSE) criterion as defined by
gallon respectively; the income variable is in
Toro-Vizcorrondo and Wallace (1968). When compar
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dollars per capita; and price and income are de
flated by the Consumer Price Index (1967 = 1U0).
Since monthly data are employed seasonal influences
become very important as does the adjustment proce
dure. The month in which the price or income
change occurs may affect the intercept of the de
mand equation but it also may affect the rapidity
with which the peak response occurs. A consumer's
response to a price or income change may be more
elastic during some time periods than at others,
implying a skewing of the lag distribution. For
example, gasoline consumption peaks in the summer
when individual demand may be more elastic than
during the winter when less driving occurs but when
it is oriented toward work. Capturing the inter
action between seasonality and the lag distribu
tion is a fascinating problem, but unfortunately
it is beyond the scope of our current work. As a
result, we seasonally adjusted the quantity vari
able using the XI1 variant the Census Method II
Seasonal Adjustment Program and used seasonally
adjusted income. This should be regarded as a
first approximation.

[Johnston (1972, p. 264)]
C. The Empirical Results
The summary statistics were carefully examined to
determine the appropriate lag length but they were
not helpful in the selection process. To illus
trate the selection process, Table 1 reports re
gression results when alternative polynomial struc
tures are specified for m=n=12. The lag structure
on income is very consistent regardless of the
polynomial degree specified. The distribution has
a single peak at the sixth lag coefficient and has
beginning and ending lag parameters not signifi
cantly different from zero. No turning points
occur as the polynomial degree permitted is raised
from two to six. The sums of the lag weights for
all polynomial specifications are very similar and
take a value of approximately .30, implying that a
one percent rise in real income which is sustained
for twelve months will result in an increase of
about three-tenths of one percent in per capita
gasoline consumption within that time period.

Ideally one would also consider external shocks
which periodically affect the supply of petroleum
The lag structure on the logarithm of deflated
products. However, until at least the 1967 Arabprice is, however, much less satisfactory. The
Israeli war, and, indeed, until early 1973, no sin shape of the lag distribution is highly variable
gle event had a very profound effect on the availa and for even the most restricted model (second
bility of gasoline at the pump. Thus, we feel
degree polynomial), which provides the maximal
fairly confident in assuming an infinite elastic
reduction in the variance of the parameter esti
supply curve and in ignoring the events which in
mates, hypotheses that the parameters are not
terrupted international petroleum movement prior
significantly different from zero cannot be re
to October 1973. However, those of a less sanguine jected. Only the estimated coefficient of the
disposition may wish to experiment with dummy vari current value of the price variable is consistently
ables to account for Iranian nationalization,
significant and with the proper sign.
closing of the Suez Canal, etc. At least for now
we consider such an investigation beyond the scope
The value of m and n finally selected were twelve
of this paper.
and one respectively. That is, the current and
eleven lagged values of the logarithm of real per
B. The Empirical Model
capita income and the logarithm of the current
value of the deflated price of gasoline are used
The form of the model under consideration is
as explanatory variables for the logarithm of per
n
capita consumption of gasoline.
log gt = a + X 3q log yt-i+l +
i=l
The results of this specification are presented in
m
(12)
Table II. Neither the shape of the lag distribu
Z Yj log pt_j+1 + et
tion on income nor the magnitudes of the parameter
j=l
estimates are altered substantially by removing
the lagged values of the price variable from con
Polynomials of degrees two through six were used
sideration. Such a result appears counter intui
to constrain the lag parameters Bq and 7j and were
tive when one considers that if a price change
fit for lag lengths ranging from eight to twentyseems permanent individuals may very well alter
four months with increments of four months. Only
their gasoline consumption habits substantially.
for the case when the lag length was eight was
It should be recalled however that such effects
autocorrelation deemed insignificant. As a resultare the result of changes in price expectations
final estimates for all other cases were obtained
and thus shift the demand function. The coeffi
by taking general differences (usually with p=.65). cients of the price variables however measure
movements along the demand curve for gasoline,
This procedure is equivalent to a two step
ceteris paribus, and thus do not reflect such
Cochrane-Orcutt procedure for the correction of
changes m consumptions.
autocorrelation, b is computed from the OLS resi
duals and the parameters are then estimated by
Conclusion
applying OLS to the transformed data, yq - p yq.q,
ykq,-- p yk, t-1. This equivalent to a generalized
Based upon our findings the best estimates of
least squares estimation procedure for a model
demand elasticity are -0.118 for price, all of
with first order autocorrelation where p is used
which occurs during the month in which the price
in place of the true, but unknown, value of p.
change occurs, and 0.298 for income, which is dis
50 4

tributed over twelve months. The peak effect comes
four to seven months after the change in income.
These effects are summarized in Figure 1 and label
ed ("2nd degree"). The "OLS" results are also
plotted for comparative purposes.

14. Wallace, T.D., and C. Toro-Vizcarrondo,
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"Testing Linear Restrictions in Regression:
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TABLE 1

TABLE 1 (C o n t.)

R egression R esu lts o f a 12 P e rio d Polynom ial
Ldg on P r ic e and Income and A lt e r n a t iv e Degrees ( f t - . 65)

C o e f fic ie n t s on P ric e
(t- s ta t is t ic s )

C o e ffic ie n t s on Income
(t - s t a t is t ic s )

i/Degree

5

6

- .14176
(-1 .4 6 )

- .15076
(-1 .4 7 )

- .15855
(-1 .5 4 )

-.15223
(-1 .4 5 )

.00979
(0 .1 3 )

.05983
(0 .6 2 )

.04364
(0 .4 1 )

OLS

.01459
(0 .37 )

.01470
(0 .3 6 )

.01432
(0 .3 5 )

0.1406
(0 .3 4 )

.01609
(0 .3 9 )

.01188
(0 .2 8 )

2

-.02930
(-0 .7 9 )

-.02718
(-0 .7 3 )

-.00592
(-0 .1 2 )

2

.2603
(0 .9 7 )

.02500
(0 .7 8 )

.02202
(0 .5 8 )

.01076
(0 .2 5 )

.02175
(0 .4 8 )

.01318
(0 .2 8 )

3

-.01686
(-0 .7 6 )

.02133
(0 .5 6 )

.04798
(0 .8 4 )

3
4

.03461
(1 .8 4 )
.04034
(2 .7 4 )

3

.03294
(0 .9 8 )
.03844
(1 .1 9 )

4

.03013
(0 .7 9 )
.03723
(1 .1 5 )

5

.02952
(0 .7 8 )
.04753
(1 .3 1 )

6

.02554
(0 .6 4 )
.03898
(0 .9 8 )

.03669
(0 .7 8 )

4

-.00678
(-0 .3 1 )

.03998
(0 .9 2 )

.05073
(1 .0 7 )

.03718
(0 .8 0 )

5

.00093
(0 .0 3 )

.03664
(0 .9 1 )

.02739
(0 .6 3 )

.03147
(0 .4 8 )

. 0866S
(0 .7 9 )

.04067
(0 .7 4 )

-.00216
( - .03)

- .06578
(-0 .5 8 )

.01393
(0 .2 2 )

.00655
(0 .1 0 )

- .02196
(- 0 .1 9 )

.02414
(0 .3 7 )

.10929
(0 .9 7 )

.05236
(0 .8 6 )

5

.04323
(2 .5 2 )

.04144
(1 .5 8 )

.4224
(1 .3 8 )

.05468
(1 .5 0 )

.05342
(1 .46 )

.05696
. (1 .2 4 )

6

.00628
(0 .2 0 )

.01916
(0 .5 7 )

-.00276
(-0 .0 6 )

-.00777
(-0 .1 5 )

6

.04327
(2 .3 8 )

.04187
(2 .1 3 )

.04433
(1 .3 7 )

!05006
(1 .4 9 )

.05714
(1 .5 5 )

.02874
(0 .6 4 )

7

.00926
(0 .2 9 )

-.00457
(-0 .1 3 )

- .02616
(-0 .5 4 )

- .01812
(-0 .3 4 )

7

.04046
(2 .2 4 )

.03967
(2 .0 5 )

.04295
(1 .3 5 )

.03833
(1 .1 6 )

.04565.
(1 .2 5 )

.08773
(1 .9 6 )

8
9

OLS

4

-.11344
(-1 .3 5 )

2

1

2

.

3

-.04411
(-0 .7 1 )

1

i/Degree

.01283
(0 .7 0 )

.01104
(0 .1 0 ) .

- .02861
(-0 .4 6 )

- .09828
(-0 .8 7 )

.00987
(0 .3 5 )

-.02668
(-0 .6 6 )

-.03502
(-0 .8 2 )

- .01922
(-0 .3 1 )

.00813
(0 .3 3 )

-.03931
(-0 .8 7 )

-.02727
(-0 .5 5 )

-.01620
(-0 .2 8 )

-.05998
(-0 .7 8 )

-.04355
(- 0 .3 8 )

8

.03480
(2 .08 )

.03478
(1 .3 5 )

.03784
(1 .2 8 )

.02625
(0 .7 3 )

.02522
(0 .7 1 )

.02580
(0 .5 7 )

9

.02629
(1 .6 6 )

.02713
(0 .8 6 )

.02902
(0 .9 0 )

.01910
(0 .5 3 )

.00962
(0 .2 4 )

-.02040
(-0 .4 4 )

10

.00401
(0 .1 3 )

-.03459
(-0 .8 1 )

-.00661
(-0 .1 1 )

-.01189
(-0 .1 8 )

-.03070
(-0 .4 4 )

.01180
(0 .1 0 )

10

.01494
(0 .8 0 )

.01665
(0 .5 0 )

.01679
(0 .4 3 )

.01714
(0 .4 4 )

.01001
(0 .2 5 )

.03220
(0 .6 8 )

11

-.00247
(-0 .0 5 )

-00464
(-0 .1 0 )

.01747
(0 .2 9 )

-.00139
(-0 .0 1 )

.05319
(0 .5 2 )

.03920
(0 .3 4 )

11

.00074
(0 .0 3 )

.00328
(0 .1 0 )

.00173
(0 .0 4 )

.01205
(0 .2 7 )

.01813
(0 .3 9 )

.01260
(0 .2 6 )

12

- .01131
(-0 .1 5 )

05841
(0 .6 3 )

.02983
(0 .2 8 )

.03324
(0 .3 0 )

.02603
(0 .2 3 )

.01176
(0 .1 0 )

.01631
( -0 .40 )

-01305
(-0 .3 1 )

-.01529
(-0 .3 7 )

-.01657
(-0 .3 9 )

-.01741
(-0 .4 1 )

-.01886
(-0 .4 4 )

Const

1.08177
(3 2 .3 7 )

1.08132
(3 2 .3 2 )

1.08098
(3 2 .2 1 )

1.08105
(3 2 .1 2 )

1.08084
(3 2 .0 6 )

1.08121
(3 1 .8 2 )

Sum o f Lag
.30301
Weight

.30285

.30332

.30291

.30414

.30370

Sum o f
Weight
Lag

-.07235

- .07489

-.07210

-.07536

-.06596

-.06842

K2

0.71

0.71

0.72

0.72

0.72

0.72

DW

1.95

1.95

1.95

1.95

1.95

1.93

a2

.00094

.00094

.00094

.00095

.00095

.00096

•u

0.50

0.47

0.51

0.56

0.58

12

0.06

0.04

0.02

—0.02

—0.04

Coefficients on Price (t-Statistics)

f
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TABLE 2

R egression R esu lts fo r a 12 P e rio d Polynomial
on Income o f A lt e r n a t iv e Degrees and Unlaggcd P ric e (p = .6 5 )
C o e ffic ie n t s on Income
(t- s t a t is t ic s )
1

.111272
(0 .3 2 )

.01226
(0 .3 0 )

.01260
(0 .3 1 )

. 0 1361
(0 .3 4 )

.01352
(0 .3 3 )

.01208
(0 .3 0 )

2

.02420
(0 .9 1 )

.02525
(0 .8 0 )

.02297
(0 .6 1 )

.01035
(0 .2 5 ) •

.00793
(0 .1 8 )

.01378
(0 .3 0 )

3

.03290
(1 .7 8 )

.03461
(1 .0 5 )

.03270
(0 .8 8 )

.03132
(0 .8 3 )

.03606
(0 .8 8 )

.03610
(0 .7 9 )

4

.03881
(2 .4 5 )

.04051
(1 .2 8 )

.04032
(1 .2 7 )

.05086
(1 .4 4 )

. 0S166
(1 .4 5 )

.03923
(0 .8 7 )

5

.04194
(2 .5 1 )

.04315
(1 .6 8 )

.04478
(1 .52 )

.05772
(1 .6 4 )

.05.337
(1 .3 9 )

.06021
(1 .3 6 )

b

.04228
(2 .3 7 )

.04272
(2 .2 2 )

.04545
(1 .46 )

.05105
(1 .5 9 )

.04829
(1 .4 4 )

. 026.36
(0 .6 1 )

7

.03983
(2 .2 4 )

.03941
(2 .0 7 )

.01212
(1 .3 7 )

.03648
(1 .1 5 )

. 0.3924
(1 .1 8 )

.08574
(1 .94 )

8

.03461
(2 .0 9 )

.03341
(1 .3 2 )

.03496
(1 .2 1 )

.02200
(0 .6 3 )

.0 26.34
10.70)

.02345
(0 .5 3 )

9

.02659
(1 .7 0 )

.02491
(0 .7 9 )

.024611
(0 .7 8 )

.01404
(0 .4 0 )

.01324
(0 .3 8 )

- . 02523
(-0 .5 6 )

in

.01579
(0 .8 5 )

.01409
(0 .4 3 )

.01205
(0 .3 2 )

.01343
(0 .3 5 )

.00869
(0 .2 1 )

- .0 2699
(0 .5 9 )

11

.00221
(0 .0 8 )

.00115
(0 .0 4 )

- .00126
(-0 .0 3 )

.01139
(0 .2 7 )

.01381
(0 .3 2 )

.01472
(0 .3 2 )

12

-.01417
(-0 .3 5 )

-.01373
(-0 .3 4 )

-.01346
(-0 .3 3 )

-.01449
( -0 .35 )

- .014.35
(-0 .3 5 )

-.01351
(- 0 .3 2 )

P ric e

- .11762
(-1 .4 7 )

-.11707
(-1 .4 5 )

-.11612
(-1 .4 3 )

-.11659
( - 1.44)

-. 11657
( - 1.43)

-.11570
(-1 .4 2 )

Const

1.08024
(3 2 .4 2 )

1.08032
(3 3 .3 3 )

1.08037
(3 3 .2 8 )

1.08032
(3 3 .2 5 )

1.08032
(3 3 .1 7 )

1.08029
(3.3.17)

Sum o f Lag
.29771
Weight

.29774

.31583

.29781

.29780

.23153

R2

0.73

0.73

0.73

0.7 3

0.73

0.73

DW

1.94
.00092
0.56

1.94
.00093
0.64

i .95
.00093
0.73

1.95
.00093
0.77

1.95
.00094
0.91

1.93
.00094

Regression Results for a 12 Period Polynomial Lag on Income of
Alternative Degrees and Unlagged Prlce[p-.«6] Coefficients on Income ( t-Statlstlcs)

507

A FUNCTIONAL FORM ANALYSIS OF THE DEMAND
FOR REFINED PETROLEUM PRODUCTS
Albert L. Danielsen* and Mangi L. Agarwal**
*Market Structure & Regulations Division
Office of Microeconomic Impact Analysis
Office of Economic Impact Analysis
FEDERAL ENERGY ADMINISTRATION
**Sangamon State University
Abstract
This study uses the functional form technique of Box and Cox to explore the demand
for gasoline, distillate fuel oil, and residual fuel oil.
The ideas expressed in the paper are those of the author(s) and do not necessarily
represent opinions or policies of the Federal Energy Administration.
I.

INTRODUCTION

This study focuses upon the demand for gasoline (g),
distillate fuel oil (d) and residual fuel oil (r),
and is thus a study of the demand for the principal
refined petroleum products.

The stable and legally sanctioned system of prora
tioning inaugurated in the United States around
1935 resulted in crude oil prices which were suf
ficiently high to ensure that adequate supplies
were available to meet the "market demand" (4,1641.
Indeed, until at least the Tehran-Tripoli:
Agreements of 1971 and especially the embargo of
October, 1973 the problem from the standpoint of
the regulatory authorities was not a problem of
shortages but of "excess supplies." These were
typical "excesses at a price" so that the supply
schedule for crude oil should be considered per
fectly elastic at prices prevailing during this
time period.

Gasoline is mostly used in cars, trucks and buses
for transport; distillate fuel oil is used in house
holds and in the commercial sector for heating, but
also in the transport sector-trucks, buses, railroad
engines, and in industrial equipment (i.e., as
deisel fuel); and residual fuel oil is used exten
sively as a boiler fuel in the industrial sector and
for the generation of electricity. These inter
relations are exceedingly complex and therefore this i The perfectly elastic supply assumption is even
paper should be regarded as exploratory rather than more plausible in the case of refined petroleum
products since they are produced jointly and the
definitive.
refinery slate may vary within wide ranges. Thus,
even in the short run, the supply of a particular
The study is organized along the following lines:
derivative product is more elastic than the supply
Section II describes the functional form used to
of crude oil.
analyze the complex interrelations; Section III
presents the empirical findings and Section III is
It follows directly that the supply of each re
a brief conclusion.
fined product should be considered perfectly
elastic and that a recursive system of the Wold
II. FUNCTIONAL FORM ANALYSIS
[5] type may be a realistic representation of the
market for refined petroleum products during the
The problem of identification must be faced in
period 1949-73. This is essentially the argument
every demand study; if the supply of a particular
used by Balestra and Nerlove to justify the use of
refined product is perfectly elastic then the
a single equation demand model for natural gas(11.
observed relations between price and quantity are
points on the demand schedule; otherwise they may
A second problem which must be faced in the func
represent supply. The institutional structure
tional form which best represents the demand func
peculiar to American crude oil production and
tion. In most demand studies the functional form
international trade, combined with a competitive
is assumed to be either linear or log linear.
refining industry and the fact that the "refinery
These are actually special cases of the general
slate" for refined products may vary within wide
transformation of variables of Box and Cox (21
ranges suggests that the supply of refined petro
in which ,
,
,
leum products was perfectly elastic during most
(qft - D A = Bo + B-| (yk -1)A + B2(p$ - D A
of the period 1949-73. This assertion is sub
stantiated in the following paragraph.
+ Bj3(qjt - D A + B^q-jq -l"1)/A
(1)
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where qit represents per capita consumption of the
refined product in the
time period; yq repre
sents real per capita income, p^t denotes the price
of the ith product, Pjq is the price of a compliment
or substitute product such as coal, natural gas,
and/or electricity, and A is the functional form
parameter to be estimated. Equation (1) is linear
when A equals one and loglinear as A approaches
zero. Since there is not an a priori economic
rationale for assuming the correct value of A is
either zero or one, the procedure generally adopted
is to estimate the value of A over some range such
as -3.0 - 3.0 at intervals such as 0.1.

The own price elasticity of demand is:

And the cross price elasticities of demand are:
vij = Bj 3 ^ Pjtj ,

(6)

All of the elasticity estimates presented are
estimated at mean values. The expected value of
a-j < 0 and the expected value of niy > 0 for all
refined products. Two products areJclassified as
substitues if v. • > 0, and compliments if v.jj < 0.
Introducing a stochastic disturbance term into
Since each refined product is a substitute for each
equation (1) and assuming it is normally and addiof the other refined products in production (and
tively distributed then the maximum logarithmic
to a lesser extent in consumption) the inclusion
likelihood method can be used to determine the
of one refined product in the demand equation of
optimal value of A [2; 6 1. This equation may be
another would reintroduce the problem of identifi
expressed as:
cation and require trend and cycle adjustments in
Lmax (A) = -n log s(A) + (A-l) X ^ log q^t (2) the data to mitigate problems of multicollinearity.
Therefore, cross price elasticity estimates are
restricted to distillate and residual fuel oil and
where A is^the estimated value of A, n the sample
to natural gas'(N), electricity (E), and coal (C).
size, and s (A) the estimated regression residual
Distillate fuel oil (d) is assumed to be a sub
standard zero of equation (1) with a disturbance
stitute for natural gas and electricity in the
term.
home heating sector so that
> 0 and
> 0.
Using the likelihood ratio method, an approximate
Residual fuel oil (r) is a substitute for natural
95 percent confidence region of A is obtained from
gas and coal but is used as a boiler fuel to
generate electricity; thus vr^ > 0 and
> 0,
Lmax (A) - Lmax (A) < 1/2 t 2(i )(.05) - 1.92 (3) but
< 0. The various hypotheses concerning
n, a,and v are summarized in Table 1.
The 95 percent confidence region of A is used to
determine the optimal functional form in investiga
III. EMPIRICAL TESTING AND RESULTS
ting the demand relations for each refined petro
leum product.
Monthly data on each variable for the time period
1949-74 Were obtained from the Survey of Current
The goodness of fit, first order correlation, and
Business. The quantity of each refined product
Durbin-Watson "d" or "h" statistics as well as the
was expressed in gallons per capita (seasonally
standard error of the Beta coefficients will be
adjusted using the X-ll program), income in real
examined at the optimal value of A and compared to
dollars per capita (1967 base), and prices in
the log linear and linear equations.
real dollars per gallon (1967 base). The price
of coal was per ton of bituminous and of natural
The analysis is carried out over a range of from
gas and electricity per thousand cubic feet and
-3.0 to 3.0 at intervals of 0.1. Although time con kwh (kilowathour) respectively-.
suming, this procedure provides a trace for each
statistic and parameter and thus allows one to
The statistics and parameters for each refined
examine their sensitivity to small changes in A.
product were estimated by OLS with the value of A
specified for -3.0 to 3.0 at intervals of 0.1.
Converting the Beta coefficients of equation (1) to
The estimated parameters of equation (1) for each
elasticities facilitates discussion and comparison
of the refined petroleum products are listed in
among alternative values of for a particular prod
Table 2, and estimated elasticities are presented
uct, and among the four refined products themselves.
in Table 3. The following analyses are based on
The income elasticity of demand for the ith refined
the results presented in these tables and upon
product is simply
the more voluminous results of one hundred and
eighty equations, sixty of each refined product
(4)
= B
H
evaluated at -3.0 < A £ 3.0.
niy
q it/
1. Gasoline
The functional form analysis indicates that a
double logarithmic demand equation is appropriate
for gasoline. The estimated optimal value of A
(C) is 0.0; the R2 coefficient is 0.939; all of
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the Beta coefficients are of the right (as expected
on a priori considerations) sign and significant
at the .05 level; and both the short and long run
income and own-price elasticity estimates appear
reasonable. The Durbin-Watson statistic is low.
Autocorrelation indicates that at least one im
portant independent variable has been omitted from
the equation. This problem was not persued but it
may be observed that the empirical results reported
here are almost indentical to estimates found by
Houthakker, Verleger and Sheenan [3 ].
2.

Distillate Fuel Oil

The demand equation for distillate fuel oil evalu
ated at the maximum likelihood value of £ = -0.3 is
significantly different from both 0.0 and 1.0.
go is quite sensitive to the value of A < 0.3 and
much less sensitive at values of A > 0.3. In fact,
the equation evaluated at A = 0.3 appears satis
factory in nearly all respects: the R2 coefficient
is .971; all of the Beta coefficients are of the
right sign and with the exception of electricity
(§r) all are significant at the .05 level; the in
come and own-price elasticity estimates are rela
tively inelastic as expected.

§E3 indicates that the consumption of residual
fuel oil was not significantly affected by the
price of electricity during 1949-74.
IV. CONCLUSION
The empirical estimates reported in this study
have been derived from extensive tests using time
series data for the United States. A comparison
of Tables 1 and 3 shows that only one of the
eleven null hypotheses actually tested can be
rejected because the sign is wrong. Natural gas
and residual fuel oil are substitutes but on the
basis of our parameter estimate, they would be
labeled compliments. An explanation for this has
already been offered.
The income elasticities are all positive and the
own-price elasticities were all negative in the
models finally selected. Additional work is
required to determine if serial correlation has
contaminated some of the empirical results and
additional estimates using different values of A
on the dependent and independent variables should
be explored. This is the'subject of ongoing
empirical research.

The cross-price elasticity figures show that natural
gas and distillate fuel oil are substitutes although REFERENCES
not very close ones. The lack of significance for
§E3 indicates that the price of electricity during
1. Balestra, P. and M. Nerlove, “Pooling Cross
Section and Time Series Data in the Estimation
1949-74 did not have a significant effect on the con
of a Dynamic Model: The Demand for Natural
sumption of distillate fuel oil.
Gas," Econometrica 34 (July, 1966), 585-612.
3. Residual Fuel Oil
2. Box, G.P.E. and D.R. Cox, "An Analysis of
Transformations," Journal of the Royal
The demand equation for residual fuel oil evaluated
Statistical Society, Series B, 26 (1964),
at the maximum likelihood value of A = 0.1 is not
221-243.
satisfactory because g > 0, and, therefore, from
equation (5), a > 0.
Calculating the values of
3. Houthakker, H., P.Veileger, Jr., and D. Sheehan
3r and nr from A = -3.0 to A = 3.0 and plotting
"Dynamic Demand Analysis for Gasoline and
them in Figure 1 shows the sensitivity of the
Residential Electricity," American Journal of
elasticity estimates to changes in the values of A.
Agricultural Economics 56 (May, 1974).
The value of g is very sensitive over the range of
4. Mrnnnald S.L.. Petroleum Conservation in the
A from -0.4 to 0.1, not very sensitive at values of
United States: An Economic Analysis, Baltimore
A > 0.1, and is maximum when A = 1.7. The value of
and London Resources for the Future, Inc.,
C > 0 at values of A < 1.2 and declines toward a
°r
The Johns Hopkins Press, 1971.
minimum at a value of A > 3.6. Calculations were
not carried beyond A = 3.6.
5. H. Wold and L. Jureen, Demand Analysis: A
Study in Econometrics (New York: John Wiley
Clearly, similar results are obtained at values of
and Sons, Inc., 1953).
A from 1.7 to 3.0. Therefore, the equation is
evaluated at A = 2.0. The p2 coefficient is 0.721;
6. Zarbembka, P., "Functional Form in the Demand
all of the Beta coefficients are of the right sign
for Money," Journal of American Statistical
and again except for electricity (§E3)> significant
Association, 63 (August, 1968), 502-511.
at the .05 level; the income and own-price elasticity
estimates are even more inelastic than for distillate
fuel oil. the cross-price elasticity estimates show
that coal and residual fuel oil are substitutes but
not significantly close ones in either the short or
long run; natural gas and residual fuel oil are
compliments according to the sign of B^, but a
better interpretation may be that natural gas is
serving as an index of commercial and industrial
activity; and the lack of significance of
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Ta b le 1

Hypotheses About Income (n), Price (a)
and Cross (x) Elasticities of Demand for Refined Products
Refined Products

Income

Own-Price

Cross Price
Natural Gas Electricity Coal

n

a

xN

tE

tC

Gasoline (g)

>0

<0

a

a

a

Distillate (d)

>0

<0

>0

>0

a

Residual (r)

>0

<0

>0

<0

>0

aNot specified and will not be tested.

Table 2
Estimated Functional Form Coefficients Related Results For
Refined Petroleum Products, United States, 1949-74*
X

h

®1

®2

®N3

^E3

§
C3

g4

Gasoli ne

0.0

0.5246
0.1613 ■-0.1612
(.0001) (.0001 ) (.0006)

Distillate

0.3

0.9898 0.0415 ■-0.1746
(.0001) (.0001 ) (.1.070)

Residual

2.0 76.2432
0.000
-492.73 -0.0076
-3399.49 0.5376 0.4096
(.0001 ) (.0001 ) (.1315) (.0001 ) (.5406) (.0001 ) (.0001 )

0.0455
(.0123)

Values in parentheses show probability in the tail.
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0.0659
(.9182)

R2

D-W

0.3998
.939
(.0001 )

1.01

0.2748
.871
(.0001 )

1.56

.721

1.63

Ta b le 3

Income (n), Price (0) and Cross Price (x) Elasticities of
Demand for Refined Petroleum Products, United States 1949-74

Refined
Products

Elasticities
Income

Own Price

Natural Gas
xN

Cross Price
Electricity

Coal

n

q

0.161
0.268

-0.161
-0.268

Short Run

0.228
(0.243)

-0.041
(-0.041)

.070

.003

Long Run

0.335
(0.335)

-0.060
(-0.057)

.096

.009

Short Run

0.117
(0.1244)

-0.037
(.0239)

-0.176

-0.009

0.131

Long Run

0.307
(0.2017)

-0.097
(0.0405)

- .298

-0.014

0.223

tE

tC

Gasoline (q)
Short Run
Long Run
Distillate (d)

Residual (r)
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Figure 1

Sensitivity of Income and Price Elasticities to the
Value of the Functional Form Parameter [ ;J
Residual Fuel Oil, 1949-74
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NRC AND THE STATES —

PARTNERSHIP IN REGULATION

Commissioner Richard T. Kennedy
U. S. Nuclear Regulatory Commission

Remarks presented at the Third Annual UMR-MEC Conference on Energy
at the University of Missouri-Rolla, Rolla, Missouri, on October 13, 1976.
and the environment.

Mr. Chairman, Ladies, and Gentlemen,
It Is a great pleasure to be with you to

ar power in the future will require even

day to discuss the NRC-State Partnership
for nuclear regulation.

It Is apparent to

me, in fact, that the regulation of nucle
greater cooperation between the states and

This is one of

the federal government.

the areas in which I have taken a special
interest for the Commission, and I welcome

We already have in place a good foundation

the chance to share with you some thoughts

on which to base such cooperative efforts.

on what we have accomplished and where we

The AEC had long espoused programs for

are headed.

sharing regulatory responsibility with the
states and for improving their capacity

By way of background, let us focus for a

for effective nuclear regulation.

moment on the contribution nuclear power

NRC, since its establishment in 1975, has

makes to the regional power generating
base in our country.

attempted to expand those programs.

There are now 62

Let

me cite just a few examples:

nuclear power plants with an installed

(1)

capacity of 45,000 megawatts of electri
city in 24 states.

The

There are now 25 agreement
states.

An additional 175

They exercise regu

latory jurisdiction over some

plants with a capacity of 192,000 mega
watts are planned or under construction in

10,500 nuclear material li

34 states.

censes.

Here in Missouri two 1100

NRC by way of contrast

administers 8,500 such licen

megawatt plants are under construction in

ses directly.

Callaway County which, when they come on
(2)

line in 1982, will contribute significant

Nineteen states participate

ly to meeting Missouri's electrical energy

with the NRC in monitoring

needs .

low-level radioactive emissions
at the point of release at

The national energy policy calls for the

nuclear power plants.

further expansion of nuclear generating
capacity.

(3)

But this federal policy in no

Contracts for the surveil
lance of radioactive materials

sense means that this development should

transportation have been execu

take place at the expense of the states

ted between NRC, the Department
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(4)

of Transportation and nine

eral Water Pollution Control Act and NEPA.

states, including Missouri.

This Memorandum designates the NRC as

About 320 state personnel have

lead agency in the preparation of environ

attended our various special

mental impact statements for nuclear fa

ized training courses so far

cilities making it unnecessary for EPA to

this year as contrasted with

prepare its own separate statement on

200 last year.

water quality and biota.

also establishes a procedure for working

Moreover, in order to underscore our com

with EPA on the issuance of Section 402

mitment to working with the states, NRC

water quality discharge permits.

last June established a separate Office

of the NRC's issuance of a construction

We be

permit.

lieve that cooperation with the states is

very early in the design stage.

unit to coordinate our varied relation

The

advance issuance of a discharge permit,

In addition, the Commission is

therefore, makes a great deal more sense

looking closely at the advantages of
greater regionalization.

Decisions about water discharge

from nuclear power plants must be made

of such importance as to require a single
ships.

These

permits now can be issued well in advance

of State Programs now headed by Robert G.
Ryan, who is here with me today.

The Memorandum

than the previous "180 days before actual

In that connec

discharge" rule.

tion, we are considering establishing a
liaison officer in each of our five

EPA has delegated to 27 states the author

regional offices who would maintain di

ity to grant Section 402 discharge per

rect contact with the states.

mits.

The NRC is now starting to work

with these states to obtain acceptance

Progress in Cooperation

of the principles outlined in the Memo
These steps have contributed to the pro

randum of Understanding.

gress that has been achieved in the ef
(1)

fort to broaden cooperation with the
states.

Through the auspices of the
National Governor's Conference,

Let me touch just briefly on a

sixteen states have expressed

few areas of specific progress which I

interest in implementing these

believe are among the most important.

principles and we have entered
A major goal of the Commission has been

discussions with six of them.

a reduction in overlapping and duplica

We will begin discussions with

tive regulatory requirements at the fed
eral, state, and local level.

the others shortly.

Effective

(2)

We will be drawing upon the

coordination at all levels reduces every

interstate nuclear boards,

one's work load, ensures maximum regula

the Western Governor's Region

tory effectiveness, and —

al Energy Policy Office, and

tant —

more impor

eases the economic costs of

similar groups for support in

regulation to the utilities and their

this program.

customers and to the taxpayers.

(3)

We also intend to work with

We passed a major milestone toward this

any affected state as soon as

goal at the federal level last year when

we become aware that a company

a second Memorandum of Understanding was

plans to construct a nuclear

concluded with EPA concerning our over

power plant or any other nucle

lapping responsibilities under the Fed

ar facility.
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Joint Hearings are another area in which

committee of the Conference developed 16

there has been progress.

recommendations relating to state partici

They hold con

siderable promise for increasing NRC

pation in the licensing process for nucle

cooperation with the states in matters of

ar power plants.

concurrent regulatory jurisdiction.

mendations have been or are being imple

Such

hearings can reduce the effort and cost

Fifteen of these recom

mented by the NRC.

for the parties involved, while also cre

One of the recommendations called for was

ating a complete evidentiary record on

the appointment of state liaison officers

the matters treated in the hearings.

to serve as the principal technical-

Recently the Atomic Safety and Licensing

level contacts with NRC on environmental

Board agreed with the state of Maryland

questions of mutual interest.

on a format for joint environmental hear

states have thus far appointed such offi

ings on the proposed Douglas Point nuclear

cers.

power plant.

response.

The first phase of the

Eleven

We have been gratified by this
But needless to say, we would

joint hearing was conducted in July and

very much like to see the appointment of

from early reports it is expected to be a

more liaison officers, especially from

great benefit to all parties.

states with ongoing licensing proceedings.

The Commission also has been discussing

I can't let this occasion go by without

with the New York State Siting Board the

encouraging Governor Bond to designate a

possibility of joint hearings on the pro

liaison officer from Missouri.

posed Green County nuclear power plant

This year's siting conference, which was

and has developed a draft protocol for

held in Denver during June, was attended

the conduct of such joint hearings.

by 40 states —

The

thirteen more than last

draft protocol was published in the

year —

Federal Register for comment, and the New

success of this year's meeting can be

York State and NRC staffs are evaluating

measured by the free exchange of ideas

the comments received.

that took place during the plenary and

The siting of nuclear facilities appears

workshop sessions.

to be the area in which maximum benefit

Because there is great diversity in state

and five federal agencies.

The

can be achieved from state-federal coop

siting programs, it is nearly impossible

eration.

to accommodate both state and federal

There has been an increasing

tendency in the states to adopt legisla

interests without some duplication.

tion establishing broad controls over the

have underway with the state of Maryland

selection and certification of sites for

a joint demonstration program that should

power generating facilities.

give us experience in coordinating site

Twenty-six

We

states now have some form of siting au

evaluation in situations where a state has

thority.

comprehensive siting legislation.

These actions reflect a legi

The

timate concern in the states over the

project uses Maryland data on land use

need for better planning in the use of

characteristics and socioeconomics, and

manpower and resources.

uses NRC data on safety parameters, to

Last year's NRC Federal-State Conference

test a methodology for site selection and

on power plant siting was attended by

evaluation.

representatives from 27 states and five

We also are continuing to explore the

other federal agencies.

feasibility of coordination at the region

The working
516

al level.

Under contract with the NRC,

must be fully considered before the Com

the Southern Interstate Nuclear Board
recently completed a study of multi-state

mission makes its final decision on wide-

participation in nuclear power plant sit

we issued GESMO, a final impact statement

ing affecting adjoining states.

on the health, safety, and environmental

scale use of mixed oxide fuel.

This

In August,

study developed the procedures needed to

aspects of plutonium recycle.

implement regional site evaluations.

safeguards supplement to this statement

NRC

A draft

now has negotiated a contract with SINB

will be issued this fall and the final

for a follow-on project which will demon

environment impact statement on safeguards

strate the efficacy of these procedures

alternatives will be published early next

by analyzing the'capabilities of SINB

year.

member states to put them into practice.

We have announced a format for extensive

SINB will document aspects of these pro

public hearings on plutonium recycle.

cedures which can be applied to other

most careful and comprehensive examina

regional siting situations.

tion of this question is being conducted

I have spent considerable time discussing

to assure that our final decision takes

state-federal cooperation on nuclear

Into account,all of the many social,

A

facility siting because it is one of the

economic, and technical considerations

most rapidly expanding areas of progress.

which are involved.

It is one which I believe holds grea.t

placing great emphasis on the openness

promise for easing the difficulties of

and thoroughness of decisionmaking process

Throughout, we are

coordination caused by varying state laws,

in an effort to enhance the public accept

and their interface with federal laws

ability of the-ultimate decision, whatever

and regulations.

it may be.

Now, however, I want to turn to thornier

Management and long-term storage of radio

issues —

active wastes has become a source of

issues which will directly af

growing uneasiness.

fect the future development of nuclear

The problem was high

lighted by recent court decisions —

power.

the

Vermont Yankee and the Midland cases —

Issues for the Future

in which it was held that the NRC's rule
At the federal level, I would say that

governing the consideration of reproces

closing the fuel cycle presents us with

sing and waste management in the licensing

our most important regulatory issues.

process must be more fully documented and

Plutonium recycle and long-term radioac

explained.

tive waste management are the two most
In response to the court's actions, the

important questions presently awaiting
resolution.

Commission announced that we would tem

In both cases, the necessary

porarily discontinue the issuance of full

technology is well developed, but the

power operating licenses, construction

final decisions remain to be made.

permits and limited work authorizations.
Plutonium recycle clearly is a controver

At the same time, we directed the staff

sial issue of national scope.

to undertake, on an expedited basis,

The toxi

city of plutonium, the need for more

the preparation of a revised assessment

comprehensive safeguards, environmental

of the environmental impacts of fuel re

issues, and the economics of recycling —

processing and waste management.

all of these are complex matters which
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This

(4)

assessment, which is to be released this

NRC also expects to publish

afternoon, concludes that the environmen

for public comment proposed

tal impacts associated with the reproces

criteria for solid-form stor

sing and waste management portions of the

age of high-level wastes late

fuel cycle are small.

this year.

We believe this assessment will serve as

I know how important the waste manage

the basis for an interim rule which could

ment issue is to states.

be in place within 3 months.

est very much in mind, NRC is taking steps

Then we can

again proceed with licensing actions.

If

With that inter

to enlist advice and cooperation of state

this interim rule is adopted, a public

agencies which have program or regulatory

hearing will be held on whether it should

responsibility and expertise.

be amended for future use as a final rule.

agement —

We expect that about 18 months will be

an issue which can only be resolved

required for completion of the public

through full and open interchange among

hearings and publication of the final

all affected parties.

rule.

At the front end of the fuel cycle, there

Admittedly, there has been indecision in

is growing concern over the future avail

development of a clear policy for dealing

ability of uranium as an economically

with permanent waste storage; and that

viable reactor fuel.

indecision is regrettable.

um has soared in response both to the in

But the tech

Waste man

like plutonium recycle —

Is

The price of urani

nology on which to base a national policy

flated prices of other energy resources

is being made available.

and to the perceived limitations on pre

action is now —

The time for

sently known uranium reserves.

and action is underway

At least

which will lead to a definitive and com

one supplier has indicated that it will

prehensive long-term policy.

not be able to supply uranium fuel at the

(1)

previously contracted price to many

An OMB-led Interagency Task

utilities.

Force was formed last March

Thus, utilities are now seriously asking:

and is coordinating and ex

(2)

pediting the federal deci

"Will there be enough uranium to fuel

sionmaking processes in this

present and planned reactors?

vital area.
ERDA plans to commit $87 mil

nuclear power competitive with fossil

lion to commercial waste man

fuel generation?"

agement research during the

To the first question, I would point to a

fuel be available at a price which keeps

coming fiscal year, a sixfold

study by the President's Energy Resources

increase over the past year.
(3)

Will the

Council that indicates that there is

The NRC is developing stan

enough uranium in the U. S. to support

dards and criteria to guide

continued construction of nuclear power

ERDA's waste management pro

plants through 1990, and probably beyond

gram and to assure that we

that.

are ready to evaluate the
As for economic viability, ERDA notes that

facilities which ERDA deve

because natural uranium is only about five

lops and which we then must

percent of the cost of nuclear power, a

license and regulate.

tenfold increase in uranium prices would
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result In a less than doubled power cost.

role in the regulation of radiation haz

I must also note here that the ERDA pro

ards.

jections do not assume plutonium recycle,

has developed over that time for greater

which if approved could reduce fuel costs

state involvement in nuclear regulatory

for light water reactors by approximately
9% according to estimates reported in

issues.

been made to arbitrarily reallocate regu

GESMO.

latory responsibility.

In addition, successful develop

ment of a commercial breeder reactor pre
sumably would reduce uranium demand.

Consistent and growing pressure

In some instances, efforts have

(1)

But

As one example, nuclear mora
torium Initiatives modeled on

these are still speculative developments
at this point.

the California measure will be
on the ballot In six states in
November.

A major non-technical issue, which is
(2)

assuming increasing importance in both

New York City has adopted ordi
nances prohibiting transport

state and federal deliberations, is the
socioeconomic impact of new nuclear faci

of radioactive materials through

lities.

the city and permitting the

As the TVA experience has made

abundantly clear, there are many unanti

city to regulate reactors loca

cipated social and economic consequences

ted within its boundaries —

when a billion-dollar facility is con

examples of a different sort.

structed in a hitherto undeveloped rural

These examples do not by any means cover

area.

the full range of potential regulatory

Our Nuclear Energy Center Site Survey

conflicts.

discussed the socioeconomic impact of es

blem when states claim riparian rights on

tablishing large nuclear parks.

the Outer Continental Shelf.

Vfe are

Offshore siting becomes a pro
States may

now attempting to assess these consequen-

also attempt to utilize economic authori

ses even more directly through the siting

ties to regulate nuclear development.

contracts with the state of Maryland and

As I stated earlier, the NRC both recog

the SINB which I mentioned earlier.

nizes and respects state concerns over

We

know that these issues are of special

the health and safety of their inhabi

concern to state and local planning au

tants, and over the impacts on state eco

thorities.

nomics, environment and land use.

I assure you that a greater

But

degree of attention will be given to them

it would be regrettable if states used

in future licensing proceedings.

their concerns as a basis for an attempt

All of these are indeed thorny issues;

to supplant NRC health and safety re

but they are issues for which solutions

quirements .

are being vigorously pursued.

We at NRC take very seriously our duty

Before closing, I would like to refer

under the law to protect the health and

briefly to one other issue which needs

safety of the American people and the

the careful attention of state and feder

environment.

al authorities alike —

technical resources —

the question of

We have extensive staff and
some 2,700 people

federal pre-emption of regulatory author

and $270 million for next year.

We have

ity in nuclear matters.

the capacity to develop rigorous and
effective standards for regulation, to

It has been a decade-and-a-half since the

thoroughly review applications for new

1959 legislation created a formal state
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nuclear facilities, and to enforce exist
ing regulations.
We want to assure that these resources and
capacities are used to serve the public —
just as the states want to serve the pub
lic.

The important point is that the pub

lic in each case is the same.

State and

federal efforts will serve best if they
are cooperative, not competing.
I hope that I have made it clear that we
do not intend that our expertise and our
resources be used to exclude the states
from the regulatory process.

In the last

year and a half, the NRC has emphasized
its policy of active involvement and co
operation with the states.

We are dedi

cated to continuing and expanding that
policy's reach.
But we cannot do it alone.

We need active

cooperation from the states.

We need the

states to appoint liaison officers.

We

need the states to participate in our li
censing and regulatory proceedings.

We

need the states to come to us with pro
posals which will benefit all.
If the states and we can avoid confronta
tion through cooperation, then the ques
tion of pre-emption need not be a serious
issue.

If we can supplement and assist

each other in regulatory activity, then
we can create a new partnership —

a part

nership which will see its dividends in
the form of maximum protection for the
public and the environment, and minimum
of regulatory overlap and economic cost.
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NATIONAL ENERGY OUTLOOK, IMPLICATIONS
DOMESTIC RESOURCE UTILIZATION AND CAPITAL REQUIREMENTS

Wilbur M. Jenny
Federal Energy Administration
Kansas City, Missouri

ENERGY DEMAND**

INTRODUCTION
Capital requirements of the energy
industries are drawn from: National
Energy Outlook, 1976, by the Federal
Energy Administration. A number of
factors were considered in selecting
assumptions relating to energy
supply/demand; and particularly,
energy prices. Among these are:

The above assumptions, coupled the
further assumption that increased
investment in exploration and develop
ment would provide increased volumes
of crude oil and natural gas, result
in the following demand, using $13.00
per barrel of crude oil in 1985:
TABLE 2

(1) Food price explosion of 1973
1974
Domestic
Demand*

(2) Arab Oil Embargo, and the
quadrupling of crude oil prices
(3) Second food price explosion
following end of general price
controls in 1974
(4) World market expansion for U.S.
foods and manufactured goods
(5) The world comnodity situation is
likely to remain unstable as
other raw material exporters
look to OPEC-like cartels.
Growth assumptions* used for the
domestic U.S. economy in the NEO are
as follows:

Coal, M4T
Petroleum, MMB
Natural gas, BCF
Electricity,
PMMKWH
Electricity,
nuclear,
MMMKWH

1985
Demand

558.9
961.5
6,069.5
7,566.7
21,551.8 23,404.9
1,708.8

3,021.8

112.7

866.5

Electrical energy demand is expected
to increase at a rate of 5.4 percent
compounded annually.
TABLE 3
Energy Supply Quantities*

1975-80
GNP, 7o
Personal Income,
07
io
Population, %
Consumer Price
Index
Wholesale Price
Index
FRB Output Index
Gross Private
Domestic Investment

1980-85 -

5.5

3.6

4.3
0.9

3.6
1.0

5.2

4.8

5.1
7.9

3.4
4.6

11.2

3.7

1985, $13.00 Per Barrel
Reference Scenario:
Crude Oil Production,
B/C/D
LPG, etc. B/C/D
Imports, crude oil,
B/C/D
Natural Gas TCF/Yr.
Imported Gas TCF/Yr.
Coal MMT/Yr.

11,981,000
1,831,000
5,862,400
22.3
1.3
1,039.3

*Data Resources, 1975
**National Energy Outlook, FEA, 1976

TABLE 5

TABLE 4

Billion $

Energy Prices*
The 1985 Reference Scenario wholesale
prices for the U.S. are as follows:
Gasoline, $ per gallon
Distillates, $ per gallon
Residuals, $ per gallon
LPG, $ per gallon
Natural Gas, $ per MCF
Electricity, $ per M KWH
Coal, $ per ton

$0,343
0.337
0.337
0.384
2.03
29.73
27.82

Demand for Missouri Coal
"Economic barriers will diminish as
fuel prices rise — " Whereas this
statement is taken from a conservation
reference in ERDA 76-1, it is appli
cable to coal mining, combustion and
conversion within an environmentally
acceptable scenario.
Higher prices for fuel will do four
things:
(1) Improve feasibility of producing
marginal reserves
(2) Encourage development of exotic
energy forms■
(3) Speed technology development
(4) Put premium on energy management

Electric Utilities
Coal
Synthetic Fuels
Oil and Gas
Other

$277
IB
19
234
31

Conservation
Total

243
$827

8577

Substantial additional investments
will be required in the environmental
area, as well as new industrial
technologies.
Bankers Trust Company of New York City
puts the capital requirements somewhat
hi^ner than the NEO figures. A total
of $790 billion is estimated for
energy production, conversion, etc.
When we add the conservation increment,
the total passes a trillion dollars.
Chase Manhattan Bank supports the
larger numbers.
If we assume the elimination of all
oil imports by 1985, up to $123
billion additional capital would be
required. It is the opinion of
Bankers Trust that the U.S. financial
markets can support such outlays by
1985. In the most extreme case, some
industries, less able than the energy
industry to complete, would have
difficulties in capital acquisition.

Studies by FEA, Region VII, indicate
a 9,056,000 ton increase in utility
consumption of coal in Missouri by
1985. If only one-half of this is
Missouri coal, present Missouri pro
duction would need to double.

Implications for Missouri
and FEA Region VII
The projected electrical utility
expenditures for this region and
Missouri are substantial. The table
below includes only major identified
plants either under construction or in
advanced planning stages. An allow
ance was made for combustion turbines,
and for participation in projects
outside the region, like Laramie
River, Cordova, Illinois, and others.
No allowance for transmission or A m y
Corps of Engineers projects are
included. Fuel supply considerations
are not included.

There is a possibility that better
coal preparation, plus sulphur removal
technology may increase this consump
tion level. We feel these areas,
plus a review of air quality imple
mentation plans require further
evaluation.
Capital Requirements
The National Energy Outlook projects
capital requirements for the energy
industries as follows:

^National Energy Outlook, FEA, 1976
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TABLE 6

Estimated Electrical Utility Capital
Requirement for FEA R-VII (1975 $)
Billion $
Missouri
Kansas
Nebraska
Iowa
Combustion Turbines and
participation

3,4
2,7
1.7
1.9
1.1

lOTF

We have not addressed ourselves to the
energy supply side of the capital
requirements question for Missouri or
Region VII. If Missouri coal pro
duction were to double, an investment
of $110 million would be required,
exclusive of transport equipment. A
similar increase for the region,
adjusted to the expected national
average coal production expansion,
would be approximately $112 million,
and Missouri's capital needs would
be about $72 million on that basis.
There will be substantial upgrading
of rail lines, plus rail equipment
outlays. At least one major and
several smaller coal gasification
plants will be constructed by 1985
in the region. About 57<> of the
national energy consumption is
within these four states — we might
not achieve a pro rata share of
energy related capital outlays
because of the agricultural character
istics of the region. Whereas
national energy consumption is
expected to grow about 27% by 1985,
Region VII growth is estimated at
22%. Therefore, our share of
national capital outlays for energy
production and conversion facilities
would be about $40 billion instead of
$50 billion as the raw data would
indicate.
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POST WORLD WAR II CRUDE OIL PRICES:

COLLUSIVE OR COMPETITIVE PRICING

Kern 0. Kymn and Walter P. Page
Department of Economics, West Virginia University
Morgantown, West Virginia

Abstract
The study presents a crude oil market model explaining the trend in crude oil
prices, 1945-1976. The competitiveness of the market is assessed in terms of
this model.
1.

INTRODUCTION
world crude oil market. Our model, of course,
does not explain the short-run fluctuations in
crude prices associated with political events
or the vagaries of nature, but it will serve to
focus on the economically relevant variables in
the explanation of price trends.

There is no shortage of petroleum industry
studies covering the period since World War II.
The crude petroleum market has been subject to
periodic "shocks", largely associated with
political decision making by supplying or
purchasing nation states and the discovery of
new fields in the Middle East and Africa.
Because this is the case, researchers have been
hard pressed to provide economic models of the
crude oil sector which satisfactorily explain
the course of crude oil prices. One need only
examine the detailed and sophisticated analysis
found in what is probably the definitive work on
the world petroleum market, M. Adelman The World
Petroleum Market, to gain an appreciation of the
industry complexity over this period. There
exists ample opportunity for disagreement
concerning the competitiveness of the crude oil
market, some arguing the market has been
essentially competitive while others stress
collusion.

Our paper is divided into the following sections;
(2) A Brief Review of Crude Oil Prices Since
World War II, (3) Characteristics of the Foreign
Crude Oil Industry, (4) An Economic Model of the
Foreign Crude Oil Markets, (5) Empirical Evidence
Supporting Competitive Pricing.
2. A REVIEW OF CRUDE OIL PRICES
SINCE WORLD WAR II*
There exist, of course, not one but many crude
oil prices, each associated with different
refining needs, different transportation costs,
differences in domestic final goods prices where
petroleum is a significant input, etc. Such
differences explain the divergence in the level
and/or the rates of change of prices in given
markets. An explanation of these differences is
beyond the scope of this paper. We are
interested in examining the general trend in
crude oil price behavior since World War II and
will neglect the pecularities in pricing
behavior found in individual markets. Because of

What we propose to do in this paper is to
isolate those economically important aspects of
crude petroleum markets which suggest to us an
appropriate model for the explanation of general
price trends in crude oil markets. We also
examine the relevant industry studies which
provide statistical measures concerning
tne degree of competitiveness in the

*This section of the paper leans heavily on the detailed treatment found in
N.H. Jacoby, Multinational Oil, and M. Adelman, The World Petroleum Market.
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the 1957 U.S. "voluntary" import quotas, the
mandatory quotas of 1959 and the actions of
commissions such as the Texas Railroad Commission,
U.S. crude oil prices over the period do not
necessarily reflect the trend in international
crude prices. Consequently we focus on the price
behavior associated with the foreign crude oil
market.

prices may be viewed as reflecting market prices.
Posted prices for Ras Tanura, for instance, are
constant throughout the 1960s as are those of
leading crude oils in Kuwait and Arabia in general.
The downward trend in market prices during the
1960s is reflected in the average annual prices
of petroleum products imported into leading
markets during the decade of the 1960s. While
there again exists variation in the crude price
experience among the nations of Germany, France,
U.K., Italy, Belgium and the Netherlands, the
average price in 1972 was substantially lower in
than it had been two decades earlier in 1953.
Furthermore, this fails to take into account the
rise in the general price level in Western Europe
since approximately 1965. The real price of crude
had fallen substantially more than money price
data would reflect, although variations in
national inflation rates do not permit a detailed
comparison at this time. One study (see 1, page
183) calculates a "derived" crude oil price or a
"computed Persian Gulf realized price" which shows
the Gulf price at $1.50 per barrel in 1960 and
$1.23 in 1967 with a low of $1.17 in 1965. The
corresponding increase in the general price level
(1960 equals 100) was 111 in 1967. The yields a
real price in 1967 of $1.10 per barrel. Similar
sharp declines in money and real prices were
realized in other major crude markets. There
exists no disagreement but what the general trend
in crude prices over the period of the 1960s was
sharply downward. Variations in the structure of
prices or rates of change reflect differences in the
quality of crude, location and length of contract,
and differences in domestic price levels for those
products extensively utilizing crude or refined
oil as an input.

U.S. and Caribbean supplies of crude prior to
World War II constituted the primary sources of
crude oil to world markets. Eastern oil prices
were essentially tied to U.S. crude delivered
prices in foreign markets. This "Gulf-Plus"
pricing structure ceased to be effective by the
later 1940s due to the significant increase in
Middle East crude production. The 1948 and 1949
cuts in Middle East crude prices effectively
broke the cost-plus-transportation price system
that had prevailed prior to World War II. While
quoted prices of West Texas 35° and Oficina 35°
were constant at approximately $2.60 between
1948 and roughly 1952, Arabian 34° and Kuwait 31°
declined from approximately $2.00 to $1.70 in the
case of Arabian and from approximately $1.80 to
$1.65 for Kuwait by 1950. Port-of-origin prices
for Saudi Arabia (Ras Tanura ) declined, for
instance, from $2.18 in January 1948 to a low of
$1.71 in 1950.
Sharp increases in world demand for crude
together with several essentially political
events - the Korean conflict, Iranian oil
nationalization, the Suez Canal crisis, etc. all tended to restrict civilian supplies of crude,
leading to a sellers' market and rising prices
until approximately 1957. Posted port-of-origin
prices for Saudi Arabia (Ras Tanura) rose, for
example, from a low of $1.71 in 1950 to a high in
1957 of $2.08. Despite some oil company price
chiseling on sales, there were two sharp rounds of
price increases largely stimulated by the American
price increases of 1953 and 1957. The trend of
quoted prices for leading crude oils at port-oforigin - West Texas 35°, Oficina 35°, Arabian 34°
and Kuwait 31° - all reflect rising prices with
discrete price jumps centered on 1953 and 1957.
The reopening of the Suez, substantial increases
in the number of producing firms at all levels
in the petroleum industry, and the U.S. import
quota's, substantially increased the supplies of
crude to non-U.S. buyers and led to a falling
price level for crude throughout most of the
sixties.

It has been pointed out that "Just as World War II
formed a watershed in the history of the world oil
industry, so will historians look back on the early
1970s as another watershed, separating a vanished
age of cheap energy and private oil enterprise
from a new age of expensive energy and governmental
domination of oil pricing and production decisions.
For good or evil, political considerations have
become dominant in both exporting and importing
countries." (6, pg. 258) This statement
captures, at least for the short-run, the flavor
of the world crude markets since the late 1960s or
early 1970s. It probably represents a significant
overstatement, neglecting the supply responses
already underway outside the Middle East and
Africa. As present prices of crude, previously
marginal deposits of fossil fuel have come into
use, new technologies are being developed for
liquifaction or gasification of coal, intensive
exploration efforts are underway in the North Seas
and elsewhere, etc. Nevertheless, the statement
points to the fact that crude oil pricing since
the late 1960s increasingly reflects the cartel
decisions associated with OPEC and OAPEC nations.
As is well known, the cartel decisions resulted in
sharp price increases for crude oil. The TehranTripoli Agreements of 1971 attested to the
strength of the Cartel and the behavior of
consuming countries in "ratifying" the price
behavior has only strengthened the Cartel.

The period beginning approximately with 1957 and
ending in the late 1960s witnessed rapidly
declining money and real prices for crude oil.
The Middle East and North African crude oil
prices dominated world crude prices in this
period. Events between 1957 and roughly 1959 led
to the abandoment of "posted" prices as any
measure of market prices and the reduction in
market prices throughout the 1960s stimulated the
formation of OPEC. Posted prices since roughly
1960 serye only as an indicator of the hase for
calculation of per-barrel taxes on production.
1957, then, is roughly the last year when posted
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tration ratios at all levels in the petroleum in
dustry.

Between 1971 and 1974 (January) the posted price
of Saudi Arabia (Ras Tanura) rose from $2.29 to
$11.65 with all Middle East and African oil
reflecting similar increases. Clearly an
economic model explaining the price hehayiof qnd
competitiveness of the crude oil market, 19451971, will not be an adequate description of
price formation or competitiveness since 1971.
3.

CHARACTERISTICS OF THE FOREIGN
CRUDE OIL MARKET

In this section we attempt to document the changes
in the structure and size of the foreign crude oil
market since WWII which are essential to our argu
ment later. No attempt is made to provide a
detailed statement concerning the many changes in
organization and structure of the industry.*
Between 1948 and 1972 crude oil production in the
foreign non-Communist world rose tenfold from 3.1
million barrels per day to 31 million barrels per
day, an average annual compound growth rate of
10%. The largest gains in foreign output were in
Venezuela, the Middle East, North Africa and
Indonesia, the Middle East growth in production
accounting for approximately 51% of the total
change in non-Communist world output. The
Middle East alone increased its share of total
world crude oil production (including Communist
world output) from 29.8% in 1948 to 45.3% in 1972.
Clearly in the period from 1948 to 1972 the
enormous growth in output of crude is concentrated
in the members of OPEC with OAPEC dominating that
growth.
The tenfold increase in non-Communist world out
put was accompanied by a surge of entry into the
petroleum industry at all levels: concession
rights, production facilities, refining and tanker
operations, and marketing. Between 1953 and 1972
more than 300 private companies and 50 governmentowned companies entered the foreign oil industry
or significantly expanded their participation in
that industry. Entry led to substantial changes
in the concentration of the foreign oil industry
between, say, 1953 and 1972. Comparing the
"seven largest" companies with "all others", in
concession areas the seven largest held 64% and
"all others" 36% of the area in 1953 while in 1972
the respective percentages were 24 and 76. In
production, 1953 figures show the seven largest
producing 87% of total output and all other 13%,
in 1972 all others produced 29% and the seven
largest 71%. In terms of average annual compound
growth rates of proven reserves between 1953 and
1972, the seven largest companies grew at an
average annual rate of 9% while "all others" grew
at 19%. In average daily production the seven
largest had a 9% average annual rate while all
others had a 15% rate. Not only were there large
increases in the number of firms over this period,
there were very substantial shifts in the concen

Gross investment in various stages of the petro
leum industry increased at a faster rate than did
production, reserves, refining capacity or
consumption. Investment in fixed assets rose at
approximately 12% per year, 1948-72. Gross invest
ment in fixed assets, foreign non-Communist world
petroleum industry, rose from approximately $6.9
billion to $134.5 million. Investment in produc
tion facilities alone rose from $2,410 million to
$15,810 million between 1946 and 1961 and to
$32,220 million by 1972.
The high rates of postwar investment led to con
siderable surplus capacity by the late 1950s or
early 1960s. In large measure this was due to
the new fields discovered and developed in the
Middle East and Africa. While estimates vary, it
has been suggested that in 1960 there existed
about 42% excess capacity in the non-Communist
world and by 1961 the figure rose to 50%. The
surplus condition persisted throughout the decade
of the 1960s. Beginning in roughly 1970, U.S.,
Canadian, and Venezuelian production began to
reach capacity limits. Simultaneously there were
sharp increases in the demand for crude. Known
large reserves in the Middle East and Africa
together with the rapidly rising demand for oil
were propitious conditions for the OPEC nations
in the early 1970s.
Since World War II foreign government "rents"
charged for use of their resources - royalties
and income tax rates - have been substantially
increased. Where income taxes had not existed
prior to WW II, they were implemented and the
rates rose throughout the period. Royalty pay
ments, which were often low and calculated on a
per barrel basis early in the period, went to a
percentage of posted prices and the rates were
regularly increased. Some idea of this shift may
be gained from the following illustrations;
Kuwait (AOC) had no royalty or income tax in 1948,
but by 1972 were charging 20% expenses royalty
plus 45% tax or a 62% tax of net profits, which
ever is greater; Venezuela in 1948 extracted
royalties of 16 2/3% of calculated price (U.S.
Gulf Coast prices) and a minimum of 50% income
tax (net income), but by 1972 received 16 2/3%
of agreed commercial value based on Texas posted
prices and 60% of net income; Saudi Arabia
(ARAMCO) received royalties of four shillings gold
per ton for onshore production and exempted
companies for income tax in 1948, while by 1972
they received 12 1/2% of post price and a 55%
net profits income tax; Iran, Iraq and Kuwait
followed roughly the same experience as that of
Saudi Arabia. Over the entire period, the "rent"
increases where greatest, of course, in those
areas where proved reserves were the greatest; the
Middle East and Africa.

*Detailed discussion may be found in 1, 2 for the foreign crude oil market
and in 5 for the U.S.
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For simplicity, assume all OPEC producers use a
fixed tax plus royalty on crude oil. This would
cause a shift of the supply curve from S to S*" in
Part A of Figure I and price would rise to Pt and
quantity fall to Q^. From the resource owner's
point of view, this leaves a potential income from
the tax and royalty amounting, at a maximum, to KM
per barrel sold. Of that amount, KL per barrel
(the area PtKLPc which equals EFGH in Part B)
could be collected from the importing countries
due to the higher price of oil, while LM per barrel
(the area PCLMA) could potentially be collected
from the producing firms. It is this motivation the possibility of rising "rents" to the exhausti
ble resource - together with the fact that OPEC
nations generally lacked their own production and
distribution system, that accounts for the willing
ness to see new non-affiliated companies enter the
exploration and production stages in the crude oil
market and to permit significant increases in the
concession areas to both affiliated and non-affiliated companies.

The principal features of the foreign crude oil
market since WW II which we feel are important
to economic modelling are the following: The
rapid shift in known reserves and crude oil pro
duction away from the U.S., Canada, and Latin
America and toward the Middle East and Africa;
The growth of gross investment and surplus
capacity during the 1950s and 1960s, particularly
in production and exploration in the "new" areas;
The rapidly rising "rents" in those producing
regions where known reserves and production were
increasingly concentrated; And the lack of pro
ducing, marketing and shipping facilities on the
part of the nation states where reserves and
production were concentrated. We will focus on
these elements in an effort to explain the
course of crude oil prices over the period since
WW II and to assess the relative competitiveness
of the crude oil market.
4.

AN ECONOMIC MODEL OF FOREIGN
CRUDE OIL MARKETS, 1945-1976

The pre-World War II oil market was dominated by
a few large multinational producers, a system of
Gulf-plus pricing, and entry into the industry
was very difficult and costly. In short, industry
pricing policy perhaps reflected cartel conditions
or price-leadership conditions. So we begin the
analysis with a few multinational firms essentially
dominating the crude oil markets in the World War
II period.
In Figure I, Part A, the curve labelled S=EMC.
represents the sum of the marginal costs of tfte
multi-national producers coming out of World War
II. In part B, S^ represents the domestic supply
of crude in those countries importing from what
would later become the OPEC members. Again in
Part B, Dt is the total demand on the part of
importing countries. D , then, is the derived
net import demand for crude oil from OPEC members.
The curve Dw in Part A, is the world demand for
OPEC members' crude oil and is equal to Dp, from
Part B of the same figure. A beginning equili
brium price, then, would be Pc with Q purchased
from OPEC members. By construction, f*cC would be
equal to AB in Part B and PCA would be consumed
from domestic sources of crude.
We wish to use this figure to illustrate the
economic effects of three important characteris
tics of the crude oil market over the period
until the late 1960s. The addition of a large
number of new exploratory and producing firms,
the impact of new or rising "rents" on an ex
haustible resources and the reduction of barriers
to entry into the crude oil market.

To see the potential gains to owners of the
resource from large scale entry, assume m-k firms
enter the industry shifting the supply curve S in
Part A to S' when S=?MC. and m is obviously greater
than k. This would Strive price down from P to P '
and expand output from Q to Q '. But the 6ax
wguld again shift S' up and to the left to, say,
S ', resulting in a final equilibrium price of Pt'
with Qt' quantity sold. Looking at Part B, at the
price Pc' domestic production on the part of im
porting countries would fall off sharply and imports
increase very substantially. In terms of revenues
from the tax, OPEC producing nations would collect
QR per barrel from the importing countries in the
form of the higher price (relative to Pc') and RX
per barrel from the producing firms for a total
potential gain of Pt'QXB. So long as QX is greater
than KM, tax and royalty receipts will be larger
following entry than under the prior circumstances
where S was the supply curve. Clearly there exists
a strong motivation for those owning the resources
to encourage exploration on concession areas and
to .augment the production of crude.* It was
precisely the possibility of expanding the market
area for Middle East and African crude, and the
resulting gains in revenue, that led to the sharp
price reduction on Middle East crude in 1948 and
1949. In terms of our figure, St represents the
after-tax supply curve of multinational firms.
Entry of non-affiliated firms together with ex
pansion in Middle East production by multinationals,
substantially increased supply to some point
right of S. The after-tax supply curve would lie
to the right of S and f.o.b. prices would fall.
By 1949 the f.o.b. price for Persian Gulf was low

*We are focusing on the OPEC nations as they will play the major role in the
decades of the 1950s and 1960s. The argument would not suffer if we included
U.S. exports of crude. It would only cause a shift of the Sd curve and a
different set of beginning prices.
*We abstract from considerations of the optimal time path of extraction and
assume the needs for real income in these areas produced a strong bias toward
present as against future income-a very high rate of preference.
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enough for Persian crude to enter the U.S. East
Coast markets.
The period 1950-59 was one of rising prices. As
one researcher has said; "As a result of oligo
poly plus government block to competition plus
price-raising regulation in the United States,
supply was held as close as possible to antici
pated consumption. If demand outran supply,
prices were allowed to react upward; whereupon
nobody sold at less than the new price. This
ratchet effect needed no intercompany communica
tion (which may have occurred, but we do not '
know). It did require a good understanding of
what was possible." (6, pg. 158) We pointed out
in section 2 some additional arguments shedding
light on why the competitive process begun in
1948 and 1949 did not persist in the 1950s. We
believe that in general the behavior of prices in
this period can only be explained in terms of
non-market forces - prorationing in the U.S.
import controls in the U.S., for approximately
a decade, possibly decisions in the Persian Gulf
to restrict output and concentrate on Eastern
refineries where prices were substantially higher
than in the West, etc. The juxtaposition in time
of all these events and policies defies any con
sistent theoretical explanation. The motivation,
however, which led to declining prices for Persian
Gulf crude - the opportunity to increase rents on
the exhaustible resource - certainly persisted
and was in large measure responsible for the
period of falling prices after 1957.
The period from roughly 1957 to the late 1960s
or early 1970s witnessed sharp increases in pro
duction and the number of firms producing crude.
Events were largely centered in the Middle East
and North Africa. There were continuing increases
in taxes and royalties on crude oil production
and very substantial shifts in the supply of crude.
In terms of our Figure I, the shifts in supply
certainly resulted in declining prices as new
companies entered production and established
multinationals expanded their Middle East and
African operations. The effect on price is
clear and the gains in revenues to the resource
owners in the affected region have already been
discussed above. Without the integrated facilities
necessary for domestically owned and operated
production, refining, transporting, and marketing
crude or refined products, "rents" to ownership
of the resouce could only he garnered through
increased output and rising tax and royalty rates.
It is our opinion that this period represents a
continuation of the competitive market forces
seen in the price declines of 1948 and 1949. Our
formulation of the market model in Figure I is
consistent with the price decline over this period.
Of more importance, it provides the rational or
motivation on the part of resource owners for
easing entry into the crude oil market and sub
stantially increasing crude oil output.
As we suggested in section 2 above, the
1970s represented a significant turning
the crude oil market. The market power
effectiveness of OPEC characterizes the

early
point in
and
period
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from roughly 1971 to the present. We believe the
appropriate crude oil economic model since 1971
is that of a cartel. Simply stated, a cartel is
an "...alliance of competing firms such that the
members retain their separate identities and
separate control over their policies subject to
the terms of the cartel agreement." (8, pg. 179)
The fundamental condition remains, however, that
supplying nations in the Middle East and Africa
still generally rely on others for the marketing,
etc., of crude oil. It has been observed by the
board chairman of British Petroleum that multi
national oil companies have become the "tax
collecting agency" of the producing nations. Some
haye suggested that current OPEC prices have
already taken nearly all the profits from oil
production (except the minimum return on invest
ment) and that prices are approaching the optimal
monopoly or cartel level (see 2).
The cartel pricing decision and the returns to
the cartel are analyzed in Figure II. As in
Figure I, Dt is total demand for OPEC crude oil,
is domestic supply in importing countries and
Dm the derived demand for imports. S, in part A,
now represents the supply function for all pro
ducers under control of the cartel. Dw is world
demand for OPEC crude and is equal to Dm from
Part B. The maximum cartel profit is found where
MR equals Sm C^. Price would be set at Pr. P^
and Qc wouid have been the competitive values.
With price at Pr, sales are Qt. At the competi
tive price Pc, JK is imported and PCJ produced
domestically. At Pr, LM is imported and PrE is
the domestic supply. At the cartel price, then,
importing nations pay RSZU to producers because
of the higher price (which equals LMNQ in part B.)
Hence UZWV represents the profits garnered from
multinationals. Again, it is the effort on the
part of the cartel to garner the "rents" from
ownership of the exhaustible resource which ex
plains the pattern of behavior.
5.

EMPIRICAL EVIDENCE SUPPORTING
COMPETITIVE PRICING

There has been much discussion concerning the
competitiveness of crude oil markets. One view
asserts collusive or cartel pricing throughout
the post World War II period (for a recent state
ment see 4), another stresses the influence of
competitive markets on price behavior over sub
periods while focusing on collusive behavior and
government regulation in the remaining periods
(see 2) while still others stress the essentially
competitive nature of the foreign crude oil market
oyer the entire period (see 6). Despite the period
of rising prices between 1950 and 1957, it is our
belief that the foreign crude oil market was
increasingly competitive throughout the entire
period.
Some evidence in support of our position was pre
sented in section 3 of this paper, particularly
the data concerning entry into the petroleum
industry at all levels. To assess the competi
tiveness of a market, however, requires the

calculation of some standard statistical
measures or indices of competitiveness. A
commonly used measure of concentration is the
"degree of concentration" or the percent of the
market occupied by the first 4 and the first 8
firms. The ranks are very high, high, moderately
high, moderately low and low. For manufacturing
very high would be 90% or more of the market
occupied by the first 8 firms, high 85-90%,
moderately high 70-85%, moderately low 45-70% and
low under 45%. On that standard, the period 1953
to 1972 had the following changes; in exploration
concessions from moderately high to low; from
high or very high to moderate in sales of
petroleum, ownership of crude oil production and
proven reserves; moderately high to moderately
low in ownership of refining capacity; and from
low to very low in ownership of tanker capacity.
Particularly important for an assessment of the
crude oil market is the concentration of
concessions as a measure of the extensiveness of
the search for oil. In 1948 approximately 48
companies other than the seven largest held
concessions over an area of approximately one
million square miles. The largest seven had
1.72 million square miles. By 1972 over 330
firms other than the top seven had foreign
exploration rights. The total estimated
concession area was 9.3 million square miles and
the share of the seven largest had fallen from
64 to 28 percent (6, ch.9).

period 1945-1971.
6.
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Rate of earnings is a frequently used measure of
competitiveness. That is, a persistently high
rate of return relative to returns in similar
risk situations often indicates non-competitive
market behavior. The rate of earnings on U.S.
direct invement in the foreign petroleum industry
was much higher than the earnings in foreign
manufacturing, mining and smelting or other
industries from 1955 until approximately 1959.
Throughout this period, however, the rate of
earnings was continually falling and by the early
1960s it was approximately equal to the returns
in manufacturing, mining and smelting and other
industries. Entry into the industry in response
to the high rate of earnings reduced, as we know,
crude oil prices as well as the rate of earnings.
This market behavior is certainly consistent with
competitiveness.
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Economist, Decision Sciences, and other
professional journals. He is currently preparing
a monograph entitled "Development of An Optimal
Aggregation System in the Interindustry Energy
Demand". He also presented several papers
relating to energy economics to professional
organizations.

The information presented in sections 3 and 4
above supports the competitiveness of the market.
Not only was entry increasingly easy since the
mid 1950s, there were very large increases in
the number of firms and in the new firm's market
shares. The trend in crude oil prices excepting the 1950-57 period and the period since
1971 - certainly reflects the competitive
behavior of the market and our analysis in
section 4 isolates the forces stimulating
competitiveness and the price decline.

WALTER P. PAGE received a Ph.D. from the
University of Kansas in 1968. He is a member of
the American Economic Association and the
Southern Economics Association. Contributions to
economics have appeared in The Review of Economics
and Statistics, the Southern Economics Journal,
the Atlantic Economic Journal, the Mississippi
Valley Journal of Business and Economics and other
professional journals. He is currently engaged
in research on, among other things, the full social
cost of coal produced in the three major regions
of the U.S., a regional assessment of the economic
impact of increased coal utilization in Appalachia,
and development of an "environmental balance"
model for comparison of alternative energy sources.
He has presented several refereed papers in the
areas of environmental and energy economics.

In brief, we believe the standard statistical
measures of competitiveness as well as our own
analysis of the foreign crude petroleum market,
provide strong support for the conclusion that
the market was increasingly competitive over the
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INFORMATION EXTERNALITIES AND THE
STRUCTURE OF THE PETROLEUM EXPLORATION INDUSTRY
Alan D. Rockwood
Washington University
St. Louis, Missouri

This paper analyzes the structure and performance of the U. S. pe
troleum exploration industry. Particular attention is focused upon
potential economies of scale and spillover benefits in the produc
tion of information. Data on market shares, production inputs, and
ownership of unproven oil prospects are considered in this study.
The effects of institutional arrangements, such as joint ventures,
are evaluated in light of the information externalities and policy
actions directed toward them.

1.

INTRODUCTION

in the industry.

The structure and performance of the Amer
ican petroleum industry has long been a

Oil prospects vary with

respect to their inherent risks and uncer
tainties.

Firms with different risk pref

center of controversy and a major policy

erences accept different types of pros

issue.

pects, and thus are not directly competi

Recent shortages in petroleum sup

plies have prompted new interest in the

tive.

conduct of the exploration stage of the

this hypothesis in an empirical study of

industry.

new petroleum discoveries.(4)

Most studies of the domestic

Edward Erickson further extended
On the as

petroleum industry have considered the

sumption that risks vary systematically

questions of either verticle integration

between regions, he analyzed the relative

or market power in product markets.

shares of exploration expenditures between

Past

studies of the structure of the explora

major and independent firms in different

tion industry have focused upon differ

regions of the United States.

ences in individual risk preferences.(4)(6)

level of risks and uncertainties of wildcat
drilling is, to a great extent, determined

James McKie was the first economist to

by the firm's investment in geological and

specifically analyze the exploration phase
of the industry.(6)

However, the

geophysical information.

He correctly observed

This study ad

dresses the more fundamental problem of the

a pattern of "symbiotic competition" with-

*1 would like to thank Frederick Warren-Boulton for helpful comments
on earlier drafts of this paper. I also wish to thank Linda
Rockwood for her assistance and encouragement throughout this project.
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production and distribution of informa

economically feasible.

tion.

ration of an area is dominated by the

The interrelationship between information
and the industry's structure is analyzed
in the following manner.

First, the pro

duction process in petroleum exploration
is considered.

Implications for the be

havior and performance of the industry are
derived from the nature and flow of infor
mation among producers.

Second, these hy

potheses are evaluated in light of the em
pirical evidence.

Third, based upon the

empirical findings, recent policy actions
relating to joint ventures are discussed.
2.
ECONOMIC ASPECTS
OF PETROLEUM EXPLORATION

The initial explo

first step in the process.

Substantial

expenditures are required to produce geo
logical and geophysical data.

In most

cases, the information produced from a
large scale reconnaissance survey is ap
plicable to an area larger than can be ex
plored by a single firm.

To the extent

that it is uneconomical to produce pre
drilling surveys for small segments of
unproven regions, the production inputs
are not perfectly divisible.

These indi

visibilities in geological and geophysical
information can give rise to significant
variations in the operations of different
sized producers.

Because of the high

Our known stock of petroleum reserves can

risks and uncertainties, exploration firms

be augmented through two channels.

must diversify their efforts into several

One is

the further development and extension of

prospects. Large firms can overcome the

known reservoirs and fields.

indivisibilities and still diversify their

The second

is the discovery of oil and gas in totally

activities in a number of areas.

new fields.

other hand, smali firms unable to diversi

It is the latter activity,

On the

commonly known as "wildcatting", which is

fy and still utilize efficient reconnais

the object of this study.

sance surveys, must employ different pro

Exploration for

new petroleum fields is a sequential pro
cess of investments in information.

duction techniques.
There is a second problem of scale in ex

The production of exploration information

ploration.

can be subdivided into two distinct but

ownership patterns in North America are

overlapping activities.

such that petroleum companies cannot con

The first step is

Governmental policy and land

to "discover" prospects--potentially oil

trol exploration rights on entire geolog

bearing but unproven lands.

ical basins.

This activity

It is relatively easy for

produces the information necessary to

the outcome of an exploratory well to be

screen geological formations for the pres

come general knowledge.

ence of petroleum deposits.

not perfect information, it is useful to

The second

Though this is

step in the process is the more specific

those who control drilling rights in the

evaluation of a prospect by drilling one

local area.

or more wells.

firm leases, the fewer benefits it will

The drilling phase will

reveal the presence of petroleum and pro

The larger the prospect a

lose to nearby land owners.

vide information to determine whether the

The term "externality" is used in econom

area should be abandoned or continued as a

ics to describe cases such as these in

prospect.

which there is a divergence of the social

In the long run, the most important step

benefits from the private benefits of an

in developing reserves is to demonstrate

activity.

that a geological basin is productive and

Bator identified three general types of
533

In a classic article Francis

situations which will create externalities.
(2)

region has been proven productive.

The first of these occurs when the

3. EMPIRICAL EVIDENCE OF
THE INDUSTRY'S BEHAVIOR

producer of a good cannot control or "own"
the benefits of that good, as in the case
above of the initial wildcat wells.

A brief review of the exploration budgets

The

of the top 150 petroleum producers reveals

second type is called a "technical exter

substantial differences in factors used.

nality" and results from economies of

In table 1, the distribution of explora

scale or indivisibilities in the produc
tion process.

tion expenditures is given for the primary

The final case is of "pub

factors.

lic goods" which occurs when one agent's

A pronounced change in factor

payments seems to occur within firms rank

use of a good (in this case information)

ed between 25-32.

does not preclude another agent's use of

These data would indi

cate a significant difference in explora

that good.

tion techniques between major and indepen
This brief review of petroleum exploration

dent firms, and this finding is consistant

reveals that, to some extent, all of these

with the hypothesis that there are econo

conditions are present, especially in the

mies of scale in utilizing geological and

first step of the exploration process.

geophysical information.

Recently, two articles have considered the
TABLE I.

problem of ownership externalities in ex
ploration .(7) (9)

Each author found sub
Factors:
Land-Unproven
Geol & Geoph
Drilling

stantial benefits flowing to outside par
ties, especially in the earliest period of
an area's development.

Unless institu

directly from the changes in the market
shares between different sized firms.

The analysis of the exploration process

then over time market shares should remain

the behavior and performance of the indus

constant.

The indivisibilities of the

If costs are lower for some op

timum sized group, then in competitive

factors employed will lead to systematic

markets the group's growth will exceed the

differences, with respect to size, in the

rest of the industry.

(2)

Table II shows the

market shares for domestic crude oil pro

The largest exploration firms will realize

duction.

economies of scale by overcoming the prob

Some of the increases in concen

tration is the result of merger activity

lems of indivisible factors, and by leas

TABLE II:

ing large blocks of land, thereby minimiz
ing the information spillovers to nearby
(3)

If

unit costs are the same for all producers,

readily leads to three hypotheses about

land owners.

"100 . 0%

Economies of scale can be observed more

to achieve an optimum allocation of re
sources .

inputs used by exploration firms.

1/ 0". 0%

1.00-50
33.5%
4.6
61.9

Source: Census Of Mineral Industries, 19 72

ternalities, the market systems will fail

(1)

Firm Rank:
1-8
17-24
64.0%
55.57.
17.6
17.3
18.4
27.2

100. 0%

tions are adapted to internalize the ex

try.

DISTRIBUTION OF EXPLORATION
EXPENDITURES FOR SELECTED SIZES

Firm Rank:
1-4
5-8
9-20
21 +

The smaller firms will

not directly compete with the largest com
panies in opening up new oil provinces.
Rather, they will tend to capitalize on

MARKET SHARES, DOMESTIC CRUDE
OIL PRODUCTION
1955
14.7
19.8
44.3
100.0%

1970
~11.0%
17.1
19 .9
31.0

Source: Mulholland and Webbink, FTC Staff
Report, 1974

the external information flows after the
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rather than direct competitive pressure.
In either case, the trend is clearly in

old areas these firms won less than 57 per

dicative of economies of scale.

ploration is a limited view of the indus

Another indication of economies of scale
in exploration can be seen in the produc
tivity of drilling programs.

Between 1969

cent of the tracts.

Though offshore ex

try, a clear leader/follower pattern is
present.
The information produced in this instance

and 1974, the largest sixteen firms drill

is subject not only to ownership problems,

ed 117, of the new field wildcat wells and

but it is also to some extent a public

made 257o of the significant discoveries.

good.

These discoveries amounted to 487. of the

by spreading the participation in new ar

new reserves.*

eas more evenly among all firms engaged in

The major firms' ability

These difficulties can be reduced

to utilize large scale geological and geo

offshore exploration.

physical surveys has lead them to select a

arrangement which can facilitate this dis

technically superior set of prospects.

tribution is the joint venture.

One institutional
Tradi

The differences in discovery rates suggest

tionally, the industry's extensive use of

that the growth in market shares of the

joint ventures has been explained by their

largest firms has continued after 1970.

risk-pooling properties.

a strong motivation, the ability to remedy

Finally, the external flow of information

the externality problems provides another

in the industry can be evaluated by ob

incentive for their use.

serving the bidding patterns in Federal
Offshore Lease Sales.

Given economies of

TABLE IV: SHIFT IN BIDDING PATTERNS

scale, we would expect the first sale to
be dominated by the larger firms.

Bid Type:
Solo: Big-8
Maj or
Ind.

If the

number of smaller firms increases on the
subsequent sales, this would indicate in
formation spillovers.

Over this period the

Big-8 firms controlled over 86 percent of
the tracts offered in new areas, but in
TABLE III: SUCCESSFUL BIDDERS - INITIAL
VS. LATER OFFERINGS, OCS 1954-76

Joint Ventures:
Big-8/Major
Maj or/Maj or
Big-8/Ind.
Major/Ind.
Ind./Ind.
Source:

New Areas
' 40707“
3.8
2.4

Old Areas
32.2% '
16.8
8.4

37.7
2.0
9.9
2.4
1.8
100.07o

12.0
3.5
11.4
11.3
4.6
TOUTOT,

1968 -76
New
Old
27.87, 25.67,
2.7
14.6
1.9
4.7

4.9
34.8
40.3
16.1
8.8
4.3
0.5
1.2
17.2
1.0
19.7
5.0
15.0
4.7
3.8
6.3
1.7
100.07o 100.07, 100.07, 100.07o
Source: OCS Statistical Summary, Bur. of
Land Mgt., New Orleans, La.

ders on the first sale in a region and all

Bid Type
Solo: Big-8 (1-8)
Major (9-26)
Independent

1954-67
New
Old
D-L.U /o *40 oO /O
4.9
20.7
2.8
14.2

Joint Vent.
Big-8/Major
Maj or/Maj or
Big-8/Ind.
Major/Ind.
Ind./Ind.

In Table III, a

comparison is made between successful bid
following sales.

Although this is

Since the Bureau of Land Management has
offered oil and gas leases on the outer
continental shelf, the practice of joint
bidding has substantially increased.

With

this shift in institutional arrangements,
the distribution of successful bidders in
new areas has also changed.

The same data

reported in Table III is given in Table IV
except that it is separated into two time
periods.

OCS Statistical Summary, Bur.
of Land Mgt., New Orleans, La.

Although the leader/follower

pattern is still present in the latter

*Background Paper No. 2, Strategi : Committee on Public Affairs,
American Association of Petroleum Geologists, 1975.
535

period, the increased use of joint ven

Further arguments in the expression include

tures has encouraged the participation of

a measure of uncertainty among bidders and

medium and small firms in new regions.

the index of the exhaustion of tracts in a

IV.

region.

POLICY EVALUATION OF JOINT BIDDING

Finally, a measure of the relative

level of joint bidding was included to test
It has been argued above that, in addition

for any anticompetitive effects.

to the traditional risk reduction function
of joint ventures, they also serve to in

The data on offshore leases used in this

ternalize some of the external economies

study is published by the New Orleans OCS

inherent in exploration.

Office.

Recently, the

The dependent variable in each

practice of joint bidding has been criti

regression is the average cash bonus paid

cized and some restrictions have been im

for tracts at a given sale.

posed. (10)

direct measure of a firm's expectations as

The extensive use of joint

to the value of the tracts offered.

ventures is alleged to have increased the
market power of the principal firms.

There is no
How

ever, it can be shown that the number of

The

bids is a function of the expected value

objective of this section is to empiri
cally evaluate the effect of joint ven

of a tract.

tures on the competitive performance of

per tract (B/T) is used as an instrumental

Therefore, the number of bids

the industry.

variable for the expected net output, the
expected sign would be positive.

If joint ventures are anti-competitive ve

measures of joint bidding were used in the

hicles, it would be evidenced by a reduc

different specifications.

tion of bonuses paid for petroleum pros
pects.

(JV), the per cent of the bids from joint

mating equation was developed for the av

ventures with at least one of the Big-8

erage bonus paid per acre for the Outer

firms (JV8), and the number of firms bid
A

ding through joint ventures per tract sold

firm will bid an amount equal to the ex

(FJV).

pected rents for the exploration rights to
a tract.

These were the

per cent of the bids from joint ventures

To examine this question an esti

Continental Shelf oil and gas leases.

Three

The expected sign on the joint

ventures would be negative if they are ve

The rent from oil bearing land

hicles for collusion, or positive if they

will be the difference between the value

reduce risk and information spillovers.

of the net output and the fixed cost of
The domestic well-head price of oil (PO)

obtaining the lease and exploring the
tract.

is the only price variable used as the

The expected value of the output

will be the price times the expected net

interstate well-head price of natural gas

output, assuming the production costs are

was arbitrarily controlled during most of

proportional to the output.

this period.

The fixed

The level of uncertainty (U)

costs will be the transactions costs of

is difficult to measure, in these regres

obtaining and keeping leases, and the

sions the ratio of the second high bid to

costs of drilling exploratory wells.

the winning bid was used.

The

This ratio

transactions costs should not vary signif

could also detect collusion among bidders,

icantly from observation to observation,

indicated by a negative coefficient.

however exploration costs will vary with

the exhaustion variable (EXH) the per cent

the location of the tract.

of the available tracts in an area previ
ously leased was used.

AVE. BONUS/ACRE=f(E(Q), Price, Uncer
tainty, Exhaustion, Region, JV)

is negative.

For

The expected sign

To date, the majority of the

offshore tracts leased have been in the
536

Gulf of Mexico, thus dummy variables are

the bidders per tract, the level of joint

included for sales made off the southern

bidding, and the price of oil.

California coast (CALIF) and in the Gulf

case their coefficients entered with the

In each

of Alaska (ALK).

expected sign and were significant at a 95

TABLE V:

per cent confidence level or higher.

Indep.
Var.
B/T

REGRESSION RESULTS-BONUS/ACRE
Dependent Variable3 Nat11 Log of
Average Bonus/Acre
(1)

LN(B/T) 1.147
(3.18)
JV
3.205
(4.51)
FJV

(2)
1.807
(4.83)

(3)
1.615
(6.35)

U

fications each of the joint venture vari
ables has a significant positive relation

(5)

ship to the bonuses paid.

dicate that joint ventures effectively re

1.354
(5.61)

duce risks to individual firms and elimin

.455
(2.94)
3.415
(5.52)

Neither the measures of uncertainty or ex
haustion were significant determinants of

4.197
(6.19)

the bonuses.

1.054
(3.86)

1.329
(2.46)

This is most likely an in

dication that the variables were not prop

.331
(3.23)
1.035
(2.12)
.009
(0.74)

This would in

ate some of the information spillovers to

PO
LN(PO)

very interesting to note that in all speci

nonparticipants.

JV8
LN(JV8)

(4)
7?78
(6.57)

It is

erly constructed.

.154
(2.70)

The prospects in South

ern California do not appear to be signif
icantly different from those in the Gulf

1.376
(5.55)
.002
(0.17)

of Mexico.

However, for the level of in

terest in the Gulf of Alaska, the bonuses
bid were lower than in other areas.

LN(U)

-1.093
(.73)
EXH
-.003
.0001
-.004
(-.42) (0.01)
(-.56)
CALIF
.381
.398
.101
.347
i
(0.21)
(0.03) (0.77)
(0.98)
-.705 -1.066
ALK
-1.214 -1.663
(-.92) (-1.19) (-2.32) (-1.97)
2.332
INTRPT 1.953
3.582
1.715
2.885
R2=.89
R2=.90 R2=.88
R2=.91
R2=.80
Number of 0bservations=27
(Other regressions were performed and are avail
able from the author upon request)

The

dummy variable for Alaska was negative and
significant in the third regression and
marginally significant in the fourth.

This

would be expected because the area is an
ticipated to produce some very large
fields, yet it is unexplored and the dril
ling costs are estimated to be quite high.
(5)
V.

SUMMARY AND CONCLUSION

This study began from the position that

The results of five regressions are shown

the institution and structure of the ex

in Table V.

ploration industry would be influenced by

The independent variables

labeled as LN(-) are the natural loga

the problems of the production and distri

rithms of those variables.

bution of information.

The numbers in.

The empirical evi

parentheses below each coefficient are the

dence strongly suggests the presence of

Student's t statistics for the coeffi

economies of scale due in part to the in

cient.

divisibility of some factors .

Given the degrees of freedom, a

value greater than 2.086 is necessary for

spills over to other firms and land owners.

significance at a 95 per cent confidence
level.

Information

produced by the more aggressive firms

In each specification the most im

These two facts, coupled with the differ
ence in risk preferences, yield two large

portant determinants of the bonuses were
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9. Peterson, Frederick M . , "Two External
ities in Petroleum Exploration,"
Studies in Energy Tax Policy, G.M.
Brannon editor (Cambridge, Mass.:
Ballinger), 1975.

groups of firms which specialize in areas
of their comparative advantage rather than
directly competing with each other.

Fin

ally, it can be concluded from this study
that the use of joint ventures in explora
tion has had a positive effect on the al
location of resources.

Joint ventures

10. Wilson, John W. "Market Structure and
Interfirm Integration in the Petro
leum Industry," Journal of Economic
Issues, June 1975.

have tended to reduce the information ex
ternalities from the initial exploration
efforts, as well as to lower the risks and
uncertainties to individual firms.

No

evidence was found that would indicate
joint ventures have been used to monopsonize the domestic market for petroleum
prospects, and further restrictions on
their use would seem inappropriate.
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A RE-EXAMINATION OF THE ENERGY-GNP HYPOTHESIS
by
Alexander B. Holmes
Department of Economics
The University of Oklahoma
I.

Introduction

approximately the next several hundred

This paper re-examines the hypothesis that

years.

there is a constant relationship between

II.

U.S. energy consumption and gross national
product (GNP).

If this ratio is constant

Testing the Structural Stability of
the Energy-GNP Ratio

A reasonably straight forward statement of

then providing incentives for energy con

the energy-GNP hypothesis can be given in

servation may be an unacceptable policy

terms of a classical regression model such

since economic activity in some sectors of

as equation (1).

the economy may be adversely affected.
to rise over time, as some researchers

where:

have suggested, then expectations of the

y

future demand for various energy resources
must be revised accordingly.

(1 )

yt = xt 3t + ut

Further, if the energy-GNP ratio has begun

= the vector of observations on
the dependent variable.

Berndt and
xt = the column vector of observa

Wood (1974) have shown that the energy-GNP

tions on k regressors.

ratio is consistent with standard economic
theory only under highly restrictive con

3

= vector of coefficients for the k

ditions, and argue that changes in the

regressors subscripted to denote

ratio may not represent structural shifts

that they may have different

in the economy but may be due to rational

values in different time periods.

responses of firms to changes in the rela
tive price of energy.

= stochastic error term assumed

Regardless of the

independent normally distributed

possible economic reasons for shifts in

with mean zero and variance

the energy-GNP ratio, the question of its
stability still remains.

This paper pre

If y

sents evidence that the rate of change in

is the ratio of gross energy input

to gross national product in constant dol

the energy-GNP ratio has been linear over

lars at period t, accepting the energy-GNP

the 1947-1976 period, and that the ratio

hypothesis calls for the coefficients of a

itself has not undergone a shift, but is

time trend variable to remain constant

in fact decreasing at a constant decreas

over the sample period.

ing rate and will continue to do so for

This is comparable

to a test of the null hypothesis:
539

confidence limits of that percentage which
would be expected if the relationship had
where Bt is the coefficient of the time

remained stable throughout the time period

trend variable over the sub-period k + 1

However, the OLS residuals cannot be used

(k = the number of regressors) to t; (t =

because even though the error term is as

1, 2, . . . T) .

sumed classically well behaved, the OLS

This is in fact a test of the structural

residuals will be heteroscedastic with a

stability of the regression model at each

covariance structure related to the re

time period in the sample.

gressors.

The alterna

Brown and Durbin show that a

tive against which the hypothesis is test

Helmert Orthogonal Transformation of the

ed is :

regression model produces residuals that

2

are independent N(0, o ).

Let Br be the

OLS estimate of B based on the first r
No restrictions have been placed on the

observations (r >_ k + 1) , then the ortho

alternative hypothesis; therefore the null

gonal residuals are given by:

hypothesis will not be accepted if there
y
j r - xr'

has been a structural shift in any time

r-1

(4)

1/2

period.

[l+xr (Xr-l Xr-l>"lxr]

Tests for the stability of a regression

where X

model, in the sense that the estimated co

[x 1'

r-1

r-1J

efficients remain constant over the time

If the null hypothesis is true up to

period in question, have in general been

period r, but rejected thereafter, that is,

limited to specific alternative hypotheses

if the relationship becomes unstable at r,

that are generated by a priori notions of

wr will have a mean of zero up to period r

when precisely one or more of these co

and a non-zero mean thereafter.

efficients might have changed.

By speci

For a visual test of the null hypothesis

fying dummy variables or applying the Chow

Brown and Durbin suggest plotting the

test to the hypothesized sub-samples, sta

variable

against time, where:

tistical tests of significance can be per
formed to determine of the coefficients
(5)

shifted at precisely that point in time.
An alternative approach is the use of
spline functions to detect non-linearities

Thus defined, Sr is the percentage of the

and thus structural shifts in the equa

transformed residual variance in each time

tion, but this also requires specifying

period.

the degree of the spline function a priori.

The expected value of S^. is:

E (S ) =
r

Recently, statistical tests for a less re

(6)

T-k

The value of S

developed requiring no prior information

will thus lie along this
r
mean value line if the B's are constant,

as to the timing of the shift.

i.e., if the parameters are stable.

strictive alternative hypothesis have been
The sim

Con

plest of these methods to apply is that

fidence limits may be calculated for pre

developed by Brown and Durbin.

assigned significance levels to test for

In essence,

the Brown-Durbin technique tests to deter

significant changes in the underlying

mine if the percentage of residual vari

structure.

ance in each period is within prescribed

limits are defined by:
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For a two-sided test these

that are just then emerging as a
+ c
— a

r-k
T-k

(7)

significant change.

which defines two lines parallel to E(S^).

III.

Results and Conclusions

If the path of Sr crosses either limiting

The ordinary least squares results of

line the null hypothesis is rejected and

regressing the ratio of gross energy input

it can be stated with the pre-assigned

in BTUs to gross national product in

confidence that at the period where S

constant 1958 dollars from 1947 to 1976 on

crossed the confidence line, and for all

time and time squared are presented below,

periods in which Sr lies outside the con

where the numbers in parentheses are the

fidence band, the underlying structure

absolute values of the t-statistics.*

made a significant shift.

The statistic

GEI /
= 133.3 - .135t + .00003t2
/GNP
(4.75)
(4.73)
(4.73)

ca is distributed as Pyke's modified
Kolmogorov-Smirnov statistic.

Durbin

R2= .71, D-W=.62

(1969) has computed values of cOL for

The coefficients are statistically signifi

various significance levels.

cant and indicate the overall downward

Summarizing the Brown-Durbin test for
structural stability:
(1)

trend in energy consumption to GNP noted
by others. However, the Durbin-Watson sta

normalized sum of squared resid

tistic indicates significant autocorrela

uals are calculated for models

tion.

estimated with increasing sample

Solving equation (8) for the minimum yields

sizes,
(2)

(8)

the implication that the energy-GNP ratio

Sr , the cumulative values of the

would be expected to continue to decline

normalized sum of squared resid

until the year 2250.

uals, is calculated and plotted

significantly different from previous pre

This result is

dictions that the energy-GNP ratio hit a

against time,

minimum in the middle or late 1960's.

In

(3)

E(Sr) is calculated and plotted,

(4)

confidence bands are drawn par

ever, it is necessary to test that the

allel to the mean value line,

equation is a stable over time, i.e., that

order to confirm this relationship, how

the parameters have not made significant

E (S ) , at a distance + c ,
1C

—

a.

shifts in any of the time periods under
(5)

for periods where Sr crosses or

investigation.

lies outside the confidence
Because the Brown-Durbin test assumes the

limits it can be said that the

maintained hypothesis of non-serially cor

underlying structure made a
significant shift, and thus the

related errors, this equation cannot be

null hypothesis is rejected.

tested directly for stability using this

This does not necessarily mean

technique.

that the shift occurred at these

the ratio of gross energy input to GNP to

specific times, but that they

a time trend, however, yields:

became significant then.

A

There

may be underlying lags and leads

Fitting the rate of change of

GEI/
GNP)

-.150 + .000Q8t R = .09
(1.66) (1,65) D-W—1.7 4

*1947-1975 data from Bureau of Mines, Bureau of Economic Analy
sis; 1976 estimates from Chase Manhattan Bank projections.
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(9)

The coefficients are all significant at the
95 percent level of confidence on a onetailed test and the hypothesis of non-serially correlated errors cannot be rejected.
The interpretation of equations (8) and (9)
in terms of the energy-GNP hypothesis is
that the ratio has been decreasing at a
decreasing rate and will until 2250 and
Figure 1
Trace of Statistic S
r

that the rate of change of the decline is
small.
It is important to test the hypothesis
that the rate of decline has been stable
over the time period analyzed.

If there

have been shifts in the rate of decline of
the energy-GNP ratio, the prediction of a
continuing decline is suspect.

In fact,

no predictions can be based upon para
meters of an equation estimated over peroids where there have been underlying
structural shifts.

Thus, the test of the

stability of equation (9) are interpreted
as an indirect test of the stability of
energy-GNP ratio over time.
Figure 1 shows the trace of the statistic
Sr obtained by applying the Brown-Durbin
procedure to equation (9).

The diagonal

line is the plot of the expected value of
S .

The lines parallel to the expected

value line are the 90 to 95 percent confi
dence limits; the 90 percent confidence
limit lies closest to the expected value
line on both sides.

Because the trace of

remains inside the confidence bands,
the hypothesis that there has been no
shift in the rate of change in the energyGNP ratio over time cannot be rejected.
By accepting this hypothesis, one is
forced to accept that the ratio of gross
energy input to GNP has declining at a de
creasing rate and that this rate has been
stable over the 1947 to 1976 period.
Netschert (1972) has suggested that the
historically declining ratio of energy to
GNP has reversed and dates the structural
shift as 1967.

He further concludes that

this trend reversal will persist, however,
at a declining rate.

Similar findings have

been made by Kraft and Kraft (1975) using
piece-wise regression to locate the mimimum
of a cubic spline.

They date the minimum

as 1966, concluding that their results
would agree with Netschert that the shift
TIME

was not a one-period occurrence, that is,

the ratio has continued to rise after 1966.

December 19-21, p. 171-190, 1973,

Barnett (1974) , on the other hand, has con

GPO:

cluded that while the BTU/GNP ratio turned

3.

Washington, D.C.

1974.

upward in 1967, it represents only a short-

Brown, R.L., J. Durbin, and J.M.
Evans. "Techniques for Testing the

run phenomenon and that it will most pro

Constancy of Regression Relationships

bably decline or remain constant over the
next generation, although he provide little

Over Time."

statistical evidence for this conclusion.

37, No. 2, 1975:

The results using the Brown-Durbin techni

Journal of the Royal

Statistical Society, Series B, Vol.

4.

que to detect structural changes in the
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rate of change in the energy-GNP ratio

Energy in the World Economy, Re
sources for the Future, Inc., (The

provides statistical support for Barnett's
conclusion that the BTU/GNP ratio has not

John Hopkins Press:

undergone a significant reversal, but will

Baltimore),

1971.

continue to decline at a declining rate
5.

for an extensive period in the future.

lation in Regression Analysis Based

The usual caveat concerning predictions of
distant future periods is in order.

Durbin, J., "Tests for Serial Corre
on the Periodogram of Least Squares

There

Residuals".

is nothing in the above analysis that
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implies that significant structural shifts
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some future point. The evidence to date,
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ENERGY INDEPENDENCE
Arthur T. Andersen
U.S. General Accounting Office*
Washington, D.C.
Nearly two years have passed since President Nixon
first proposed that the U.S. become energy inde
pendent. -- This to be accomplished by the end of
the 1970's. The proposal set in motion vast gov
ernmental efforts. As we all know, the "blueprint"
for Project Independence was soon forthcoming. In
this "blueprint" the proposed prospective date for
attaining independence was moved forward to the
mid-1980's. This perhaps was a subtle indication
of the difficulty of moving toward energy inde
pendence however one might wish to define this
concept.
I

Though many speak approvingly of the need for
energy independence, the term is not at all pre
cise. It embraces at least three strands of con
cern. The first is most cosmic in its orienta
tion. It focuses on the finite nature of exhaust
ible resources and the need to promote technical
and institutional change to stave off the impact
of increasing absolute physical scarcity. The
other two strands of concern see the energy crisis
in a more institutional context. The problem of
oil supply is one of control, or lack thereof
from our standpoint, rather than physical availa
bility. The U.S. has become dependent on trade to
obtain necessary petroleum supply. Such depend
ence makes us vulnerable to supply interruption
and with the present success of Opec, vulnerable
to price gouging.
Some would argue it is not useful or necessary to
distinguish possible underlying motives for pur
suing energy independence. Those most taken with
concern regarding pending absolute scarcity may
concede that control issues are at stake with
respect to petroleum supply. However, for them
these issues are not worthy of specific consider
ation because "we are going to run out of oil
anyway, aren't we?" In this light some go so far
as to assert that the events of 1973-74 are a
blessing in disguise.
In this context resource extinction is the touch
stone for debate as to alternative energy futures.
After all, as the argument goes, there is a finite
limit on the amount of petroleum that is avail
able at any price. The rate of growth of U.S. and
world consumption has been so rapid that we will
*The views expressed in this paper are the author's.
U.S. General Accounting Office.
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run out before long. The age of fossil fuel must
be viewed as transitory in the span of man's time
on earth. This theme was central to a recent
article in which the use of fossil fuels was de
picted as a bridge to the future. ]_/ A bridge
whose carrying capacity is already deteriorating
and whose collapse is imminent, necessitating hard
choices now as to the development of alternate
nonfossil energy supplies.
However correct it may be that we must ultimately
reduce or eliminate our reliance on liquid fossil
fuels, it nonetheless cannot be said that the
origins of the present energy crisis are rooted in
energy resource depletion. Since World War II,
world petroleum consumption has increased more than
3 fold. 2/ Even this rapid expansion, however, did
not keep pace with the discovery of new producible
petroleum reserves. As a result, the ratio of
proven reserves to consumption rose steadily. At
current rates of consumption more than 30 years of
supply have been identified. 3/ In 1976, it may
be difficult to remember - but for a decade or more
preceding 1973, petroleum prices in real terms were
trending steadily downward. 4/
True though it may be that we must pass from the
liquid fossil fuel age and in passing we must
develop suitable alternatives, the passage is not
yet near complete. Man's cup of oil may be half
empty but this also means it is half full and who
controls the cup and how that control is exercised
can significantly condition the comfort of the
remaining passage.
Too much discussion of the energy crisis seems to
forget that what happened in 1973-74 was precipi
tated by a cartel abruptly raising prices and
restricting supply. This cartel successfully
exploited and continues to exploit inflexibilities
in the economies and life styles of consuming
nations. For a time, some argued that the cartel
was weak and would fall apart so that no actions
by consuming nations was necessary. That talk is
more muted now. Success breeds success and no
cartel has been more successful than Opec. Per
formance in the last two years has taught all
members that cooperation yields enormous rewards.
The cartel's collapse will not come spontaneously.
Opec's future strength, though rooted in control
of low cost resources of exceptional magnitude, is
They in no way reflect an official position of the

nonetheless conditioned by the actions of consuming
nations.
For those who believe the cause of the present
energy crisis is primarily organizational, the
beginning point in policy planning is how do we
maintain or strengthen our bargaining position visa-vis the cartel we face? Developing energy
sources alternate to liquid and fossil fuels is an
obviously relevant option. But so also are others
including: actions to restrict petroleum use,
actions to provide buffer stocks against supply
interruption, and actions to broaden access to
alternate petroleum supplies. In all of this it
should be remembered that the name of the game is
not energy independence. Rather it is the develop
ment and maintenance of effective bargaining power
so that the balance of advantage in trade is not
excessively one sided. A movement toward energy
independence in this context is to be viewed as an
instrument of policy not an end in itself.
II
Whatever the motivations for seeking energy inde
pendence and however elegant our plans for attain
ment, thus far, there is little progress to report.
We continue to rely heavily on liquid fossil fuels.
Increasingly, projections of energy consumption
through 1985 reflect an expectation that the basic
patterns of energy inputs evident in 1975 will not
be vastly modified by 1985. 5j The cost and
environmental advantages of petroleum use, though
tempered by a fourfold increase of price, are still
operative. With present technology, coal, nuclear,
and solar energy sources are not close substitutes
in a wide array of end use applications.
From the standpoint of tempering the power of Opec,
there are no deeds to accompany the words of pro
ject independence. The U.S. now imports more oil
than.it did in 1973. Current daily rates are more
than twice what they were in 1973. We now obtain
nearly 40% of our oil supplies from abroad. 6/
Moreover, a larger portion of our imported oil
comes from Opec - 80% as compared to 70% prior to
September 1973. In addition, the pattern of our
purchases from the cartel may be feeding its
strength. Increasingly, our supplies are coming
from Saudi Arabia, described by many as the car
tel's lynchpin. Because of a low time preference
for earnings as compared to a number of other
cartel participants, the Saudis are known to be
among those most willing to restrict production
to preserve the organization's discipline in price
setting.
Government officials discussing the prospect of
Opec's next price moves reflect a sense of resig
nation. "Prices will rise. We hope not much."
This seems to be the theme. The resignation
appears justified despite two years of project
independence talk. It is interesting to note
that had the U.S. not increased its reliance on
imports--that is, had it remained only as dependent
as it was in 1973— the Opec council discussing
world oil prices next December would be facing a
situation in which overall demand for their pro
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duct would be down by nearly 10%. Despite all
talk of independence, among leading developed
nations, only the U.S. has increased its reliance
on the world oil cartel.
Ill
Does all this reflect a paralysis of policy? The
fair answer must be yes and no. Policy debates
and legislation of the last two years have yielded
at least two positive strands of development. The
first and most important is a refusal by decision
makers to pursue energy independence at all costs
--be they environmental or economic. Admittedly
the refusal thus far is tentative and new assaults
in favor of accelerated introduction of synthetic
fuels and other high technology energy supply
systems can be anticipated. However, the costs
and tradeoffs of such actions are now better known
and seem to have become relevant variables in the
decisionmaking process. The U.S. continues to
import oil not because self sufficiency is infea
sible but because at this point it is too expen
sive. '
The second positive strand of policy development
is a clear concensus regarding the need for con
servation. It is not an exaggeration to say at
this point that effective conservation strategies
are the one sure way of dealing with Opec restrictionson oil supply. Legislative recognition of
the need for conservation came early. Accompany
ing the creation of the FEA was the granting of
the authority to mandate fuel substitution require
ments in certain situations involving electric
power generation. Within the past 8 months,
efforts have accelerated. Two pieces of legis
lation have been passed which contain a variety
of programs designed to restrain energy demand
throughout the economy. The Energy Policy and
Conservation Act of 1975 contained major features
designed to promote automotive efficiency. 7/ In
addition the creation of an infrastructure to
identify and publicize conservation opportunities
in the household and industrial sector was man
dated. The Energy Conservation and Production Act
of 1976 built on these initiatives in part by
introducing subsidies for the adoption of energy
conserving devices in certain sectors of the
economy and in part by setting in motion the
creation, adoption, and imposition of an energy
standard of performance for all new building
construction. 8/
The potential for conservation is not known with
certainty, but that it is large cannot be doubted.
U.S. consumption of energy per capita is signifi
cantly higher than that in other large developed
economies, reflecting the fact that historically
energy has been relatively cheap domestically.
The Energy Policy Project in 1973 concluded that
within 25 years energy service per unit of input
could be doubled in most sectors of the economy
with little or no change in life styles. 9/ The
FEA's recent survey of conservation opportunities
concluded that by 1985 conservation could yield
savings equivalent to nearly 3 million barrels of
oil per day, most of which would be translated

Report which projects a savings of up to 6 million
barrels a day by 1990 solely as a result of Federal
energy conservation performance standards for new
Though one may applaud present initiatives which
emphasize conservation as a key component of energy residential and commercial buildings. 13/ FEA
reports that in 1974 total household and commercial
policy, somewhat less enthusiasm or at least some
consumption accounted for 3.4 million barrels a day
reservation may be warranted with regard to the
of oil usage and projects, with low oil prices, a
instruments chosen for policy implementation. As
usage rate in 1985 of 4.8 million barrels. 14/ It
of now, the principal approach is to mandate a set
looks like the Congressional projection of savings
of standards--requirements and duties--for various
public and private entities. Thus the auto industry is at least 2 times anyone's reasonable expectation
of total consumption growth in the household and
is required to produce automobiles with certain
commercial sector between now and 1990. The six
performance characteristics. Architects and con
million barrels represents more than 20% of pro
struction contractors will be required to erect
jected demand for the late 1980's and more than
buildings according to minimum thermal efficiency
1/3 of projected imports. If Congress is right, a
standards. Major industrial producers will be
major step toward independence is in the offing.
required to adopt certain energy saving devices.
Unfortunately, the proverbial slip between the cup
Appliance manufacturers will be required to pro
and the lip is more likely.
duce only energy efficient products. The basic
foundation of our energy conservation strategy to
Estimates of savings, and techniques for accomplish
this point is the creation of an administrative
ment aside, present approaches to conservation have
process which defines duties and relies on the
a very clear disadvantage in that all savings are
effective implementation of enforcement procedures.
time deferred with maximum impacts not occurring
Even when incentives of an economic nature are
until the 1980's. This fact is obvious with
emphasized, government actions are heavily laden
regard to auto, appliance, and construction
with administrative procedure. The recently
standards which are yet to be put in effect. By
approved weatherization program for low income
their very nature three year demonstration pro
families would dispense grants with a maximum no
greater than $400 to each household to procure storm grams, even if effective, will not yield much until
success is demonstrated. The impact of the
windows, caulking, weatherstripping, and other
weatherization program for low income families, if
insulation materials. ]_]_/ Specifically excluded
from purchase under this grant are any energy saving all goes well, will not peak until 1980.
mechanical devices with a value in excess of $50.
In the meantime, our basic bargaining position with
Each grant would be considered on a case by case
Opec, as noted earlier, appears to be weakening.
basis with court review and appeal procedures to
Even if Congress' stockpiling objectives set for
assure equal treatment among all potential appli
1980 were attained tomorrow, the nation's basic
cants. To promote this program, $200 million is
vulnerability to supply interruption now would be
authorized. If it is totally expended, a minimum
higher than in 1973. The stockpile at maximum
of 500,000 grants will be processed.
would add only about 50% to total domestic stocks
normally available for consumption while reliance
The low income retrofit program is accompanied by
on foreign sources, and to use FEA's terminology
a broader program which, through loan guarantees,
insecure sources at that, have more than doubled.
encourages the installation of energy conserving
space heating and cooling devices in the household,
IV
commercial and industrial sectors of the economy.
This program too imposes very heavy administrative
The question of what more should or could be done
responsibility on government officials who must
in furtherance of energy independence especially
choose amongst alternate grant proposals, must
in the near term can be variously answered. How
assure compliance with approved proposals, and
ever, this paper chooses to focus on one option
must be prepared in the event of default, to
only-energy pricing. In the past two years, the
one instrument of policy Congress has consistently
take possession of, complete,
refused to employ in furtherance of energy
recondition, reconstruct, renovate,
independence objectives is the use of price incen
repair, maintain, operate, remove,
tives for liquid fossil fuels.
charter, rent, sell, or otherwise
dispose of any property. 12/
To this point the American energy user has been
shielded to a considerable extent from increasing
No estimate of administrative costs associated
world oil prices. Domestically, average retail
with delivering these programs is given nor is
prices are no more than a third to one-half levels
there any discussion of why possible alternate
currently in effect in all other developed nations
methods of implementation are ignored. Perhaps
(except Canada). More than one-half of the oil
even more important from the standpoint of energy
produced in the U.S. is sold at a controlled price
independence, expected energy savings are not
which is less than half that paid for foreign
specified or if specified include figures of
crude. ]b j Recent legislation frees stripper and
doubtful credibility.
tertiary production from price controls— presumably
because such output is price responsive. Nonethe
That Congress may not have complete grasp of the
less if an output response is in fact realized, it
conservation implications of its actions under this
must be considered in setting the "blend" price for
law is suggested by a statement in the Conference
into savings in imported oil. 10/
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crude oil. 16/ Under present regulations good
output response from the newly decontrolled sector
could force a rollback in prices allowed for other
sources of domestic crude output. Complimentary to
the regulation of oil prices is the long established
program to control the price of natural gas. In
consequence, more than 40% of the domestic energy
sector is subject to price control. Prices have
been maintained below market clearing levels with
imports making up the difference in the petroleum
sector and end use allocation accomplishing this
end in the natural gas sector.
The specific decisions of Congress at this point,
with respect to the pricing of liquid fossil fuel,
reflects the judgment that upward price adjustments
would entail undesirable social and economic costs.
Its view on this matter is not monolithic in that,
for example, with regard to petroleum, it does,
legislatively, promise deregulation within three
years. Moreover, the most recent energy bill seeks
to promote greater price flexibility in the sale of
electricity. Basically however, Congress has been
reluctant to view pricing policy as a potentially
effective weapon to promote energy independence or
at least to preserve whatever bargaining power we
might have vis-a-vis Opec.
Equity concerns particularly in relation to low
income consumers and the supposed unresponsiveness
of private decisionmaking to price changes are most
frequently used as justification for the present
policy stance. In this regard it is interesting to
compare the pre- and post-1973 policy systems. For
many years prior to 1973, national policy served to
maintain domestic prices above those prevailing in
international markets. Though critics argued that
such action was inequitable and resulted in an
unfair tax on consumers, the equity argument was
rejected. Instead pre-1973 the argument for higher
domestic prices was accepted as necessary to assure
the development of national petroleum supplies.
Post-1973, the tables are turned--consumer equity
receives paramount attention. Those that urge
upward adjustments in petroleum prices for supply
or conservation reasons are found not to be per
suasive. Do the facts warrant such a flip flop
or are other factors operating to inform policy
decisionmaking?
I think it is the latter. I believe further that
the relevant additional factors are three. The
first involves a general disenchantment with the
petroleum industry. The notion that "oil got us
in this mess so lets punish them" pervades much
political and popular thinking. Freeing oil
prices domestically is viewed as granting windfall
profits to undeserving cheats. A Congressional
ability to tax such profits, however, probably means
that the windfall profits issue is insufficient in
explaining present oil price inaction. Equally
and perhaps more important is the fact that begin
ning with the allocation of oil import quota
tickets and continuing now in the context of
entitlement allocation, strong vested interests
within the industry are working to preserve the
present two (or is it now three?) tier system.
Small refiners gain much from the present system
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of entitlements. Survival of certain sectors of
the petroleum industry might well be at stake should
the system be phased out. Thus one might say an
equity argument within the industry buttresses what
ever other equity concerns one may have regarding
appropriate profit levels for the petroleum industry,
or appropriate levels of prices low income consumers
should have to pay.
Overriding all of this is an apparent view that
systems of direct regulation are relatively costless
as compared to the use of market prices to guide
consumption and producer decisions. The question
of costs may be viewed in two contexts. The first
is administrative. Are present regulations capable
of effective administration? If so, at what cost?
My guess is that anyone's "yes" answer to the first
question must be ever more tentative and the answer
to the second must be "only at higher costs."
But neither are central to concerns regarding pro
gress toward energy independence. Rather more
important are the possible external effects of
present price regulations. Is it likely they make
us more dependent on foreign oil? Is it likely
they make us more vulnerable to supply interruption
and monopolistic price gouging? The answer to
these questions must be "yes" if prices serve any
function in determining energy supply and use
arrangements.
If price can still effect consumer behavior then
the present system subsidizes imports. We do not
price foreign oil on an incremental basis. The
consumer does not see a $13 barrel but rather he
sees a $7.66 barrel. Rolling in the price of
foreign crude, just as rolling in the price of
imported liquid natural gas, or (as has been
proposed) domestically produced synthetic fuel, is
a subsidy pure and simple. In the case of petrole
um, it is a subsidy for 0pec--the malfactors in the
world "energy crisis."
Among all major developed nations, the consumption
patterns of Canada and the U.S., on the basis of
most recent data, are least responsive to recent
developments in world petroleum markets. 17/ It
is interesting to note that both countries have
followed a low price oil strategy which diverges
significantly from Western Europe and Japan. 18/
The latter countries, though very heavily reliant
on foreign supplies have succeeded in reducing
their intake.
If the demand effects of the present oil price
regulatory system are stimulative to foreign
imports, what are the supply effects? At least
two points should be distinguished. The first
relates to the optimal level of price incentives
to stimulate production. The two price system
initially was conceived to encourage new produc
tion and marginal stripper production. It reflects
implicitly a notion that some parts of oil supply
are price responsive-otherwise why the higher
price? It reflects explicitly a view that those
parts of oil supply which are price responsive and
those which are not are administratively distin
guishable. To the extent this is not true, present

ion. They would stimulate the development of
domestic energy alternatives. They might sharpen
the cartel's awareness of our ultimate desire and
capability to counter their presently unrestrained
power. Jointly these effects would reduce our
vulnerability to antagonistic cartel behavior and
ease our transition from the fossil fuel age. They
might also reduce our need to rely on extensive
administrative procedure to pursue identified
energy policy objectives.

price regulations suppress domestic output and so
contribute to import dependence.

The second point of interest regarding present
supply effects associated with oil price regulation
involves the legislatively announced date for de
control. In effect oil producers holding old oil
and believing that decontrol will come in the
announced time frame, have an economic decision to
make. Do they produce now and sell at $5.25 or do
they produce in three years and sell at $11 or more?
To rely more heavily on the price mechanism as a
The specified prospect of decontrol has introduced
test of public policy does not mean we need abandon
a new cost calculation for the supplier. A barrel
social concerns regarding, particularly, issues of
sold now means the loss of higher revenue on that
equity. There are alternative means available to
barrel 3 years hence. Internal discount rates of
25% or more are needed to get that producer to want promote equity. Perhaps one of the main weaknesses
to part with his oil now. Could this be the reason of recent energy legislation is that it. tries to
serve too many social objectives in one package.
production in a number of areas of the country is
now falling short of previously approved MER's
This is not to say the many actions regarding energy
(maximum efficient rate)? Though Congress may be
policy in the past two years are of no consequence
reluctant to use price as an incentive to expand
output, it may have inadvertantly introduced a pro in defining appropriate limits to the concept of
energy independence and even in identifying possible
duction disincentive.
paths to attaining this objective at some future
time. However, short run benefits have been nil
To all this some would argue that it makes no
difference since price has no affect on our capacity and perhaps even negative. To the extent short
run opportunities have been missed we are more
to produce petroleum. It is difficult for this
vulnerable than 2 years ago. What does this mean
writer to accept such a judgment when an informing
for policy choice in the future should a new crisis
principal of petroleum policy pre-1973 was that
arise? Could it mean a stronger bias toward more
price did make a difference. It is even more
extensive direct regulation or a greater willing
difficult to accept if one is convinced that
ness to compromise environmental and cost standards
effective dealing in the present "energy crisis"
in facilitating the adoption of new energy tech
requires acute awareness of bargaining strategies.
nologies? You be the judge.
The outcome of any bargaining situation is uncer
tain. Participant preferences may diverge widely.
Seemingly small and subtle actions can significant REFERENCES
ly influence whether results are more favorable to
1J Energy Strategy: The Road Not Taken, Amory B.
the buyer or the seller. Moreover, small advant
Lovens, Foreign Affairs, October 1976.
ages in one direction or the other can yield dis
proportionate results. A small advantage may
mean the buyer or the seller gets all he wants. We 2/ Basic Petroleum Data Book, American Petroleum
Institute, 1976, Section VII, Table I.
cannot be helping our bargaining position vis-a-vis
Opec when we in fact subsidize oil imports and hide
the pricing practices of the cartel from the
3/ Ibid, Section II, Table I.
American consumer.
4/ Ibid, Section VI, Table I.
V
5/ 1976 National Energy Outlook, Federal Energy
In fairness to all policy makers, advocates, and
Administration, Washington, D.C., p. XXV.
administrators, there is much we do not know about
the price responsiveness of our system of energy
6/ Monthly Energy Review, August 1976, Federal
use and supply. Much of what we live with today
Energy Administration, National Energy
Information Center, Washington, D.C., p. 9.
evolved during a period of low and declining real
energy costs. We know on the basis of our
1J
Public Law 94-163: Energy Policy and Conser
experience in 1973 that consumers in the short run
vation Act, 94th Congress, December 22, 1975.
are vulnerable to sharply increased prices and the
threat of supply interruption. Precipitous decon
8/ Public Law 94-385: Energy Conservation and
trol today could clearly have unacceptable
Production Act, 94th Congress, August 14,
consequences. Unrestrained use of the price
1976.
mechanism to control consumption and stimulate
supply can have undesirable social costs.
9/ A Time To Choose, Energy Policy Project of
the Ford Foundation, Ballinger Publishing
This does not nullify the fact that the price
Company, 1974, Chapter 3, Passim.
mechanism can be a very effective tool to promote
social ends. The development of policy sets which
reflect acceptance of this principal would reinforce 10/ 1976 National Energy Outlook, Federal Energy
Administration, Washington, D.C., pp. 23 and
every energy goal we have thus far been able to
24.
identify. Higher prices would restrict consumpt
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13/
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14/ 1976 National Energy Outlook, Federal Energy
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17/

International Oil Developments - Statistical
Survey, Office of Economic Research, Central
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ECONOMIC CONSEQUENCES OF THE
ENERGY POLICY AND CONSERVATION ACT
A. Bradley Askin and Richard L. Farraan
Federal Energy Administration
Washington, D.C.

Abstract
The Energy Policy and Conservation Act was signed into law during
December 1976 after a year of debate between the Ford Administration
and Congress over energy policy. The Act established a compromise
40 month phased decontrol program for domestic crude oil prices.
This paper employs macroeconometric simulation techniques to assess
the impacts that the decontrol pricing policy will have on energy
sector demand and supply conditions and on the general economy
through 1978.
I.

INTRODUCTION

on March 1, and (3) $3 per barrel starting

In his January 1975 State of the Union

on April 1.

message to Congress, President Ford

passed a bill to suspend for 90 days the

outlined an energy program which would

President's authority to impose oil import
fees.

"begin to restore our country's surplus
capacity in total energy."

*

In late February, Congress

Mr. Ford vetoed this legislation,

but postponed the supplementary fees

As part of

this program he asked that within 9Q days

scheduled to go into effect March 1 and

Congress decontrol the price of domestic

April 1 until May 1 and June 1, respec

crude oil, impose a windfall profits tax

tively, to allow 60 days for Congressional

on oil producers, deregulate natural gas,

deliberation as Congress had requested.

and enact excise taxes and import fees on

On June 1 Mr. Ford put the $2 supple

crude oil and refined petroleum product

mentary fees into effect, but never

imports totaling $2 per barrel.

instituted the $3 fees.

A week after his State of the Union

Although he had initially proposed immedi

address, Mr. Ford imposed supplementary

ate decontrol of domestic crude oil prices,

oil import fees on imports of crude oil

President Ford amended this stance three

and refined petroleum products as the

times during the Spring and Summer.

first step in implementing his program.

April he suggested decontrol be phased in

These fees were to become effective in

over a two year period; in mid-July he

three stages:

stretched the decontrol period to 30

(1) $1 per barrel starting

In

months; finally, at the end of July he

on February 1, (2) $2 per barrel starting
*See [6, p. 48].
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lengthened the decontrol period to 39

after establishing an initial average price

months.

of $7.66 per barrel. • Neither a windfall

Congress rejected each of these

modified decontrol proposals on the

profits tax nor natural gas deregulation

grounds that they would raise energy

was enacted.

prices too rapidly, thereby accelerating

no provision for excise taxes and fees on

Not only did the EPCA contain

inflation and exacerbating unemployment.

imports of crude oil and refined petroleum

The Democratic majority in Congress called

products, but as part of the compromise

for a program combining a five year period

with Congress, Mr. Ford removed the $2 per

of phased decontrol with mandatory conser

barrel supplementary fees imposed in June

vation measures and other regulations in
order to minimize the impacts of higher

1975.

energy prices on consumers.

In this paper we examine the economic

Mr. Ford

consequences of the EPCA.

rejected this approach.
Existing price controls on domestic
crude oil temporarily lapsed at the end of

meets the stated objective of restoring
energy self-sufficiency and the impacts it

August when the Emergency Petroleum Allo
cation Act (EPAA) expired.

Our purpose is

to assess both the extent to which it

can be expected to have on the general

Congress

economy.

passed an extension of the EPAA, but the
President vetoed it to keep Congress under
pressure to act on decontrol.

Section II summarizes the main

provisions of the EPCA.

Section III

describes the methodology we have used to

In early

analyze the EPCA.

September, after the Senate failed in an

Section IV reports the

results of our analysis.

attempt to override the EPAA veto, the

Section V pre

sents our conclusions.

President and Congress agreed to work
II.

toward a decontrol compromise, and the

PROVISIONS OF THE EPCA

EPAA was extended for 60 days.

The EPCA signed into law by President Ford

During September and October members of

on December 22, 1975, provides for phased

the Ford Administration met with members

decontrol of domestic crude oil over a 40

of Congress on a variety of House-Senate

month period beginning February 1, 1976.

conference bills after the two Houses of

It consists of five major sections dealing

Congress passed separate legislation.

with a variety of matters in addition to

In

decontrol.

November, after the EPAA had again been

Portions of the EPCA are

temporarily extended, members of the

superseded by the Energy Conservation and

Administration and the House-Senate

Production Act (ECPA), signed into law in

conferees reached agreement on a 40 month

August 1976.

phased decontrol package.

Title I of the EPCA addresses the availa

This compromise

plan was sent to Mr. Ford on December 18

bility and development of domestic energy

and signed into law by him as the Energy

supplies.

Policy and Conservation Act (EPCA) on

the Federal Energy Administration (FEA)

December 22.

authority to guarantee loans for the

The energy program imbedded in the EPCA

development of new underground coal mines

departed significantly from that origin

subject to a stringent set of eligibility

ally proposed by the President nearly a

requirements.

year earlier.

strator to establish and maintain a

Decontrol of domestic

It grants the Administrator of

It also directs the Admini

strategic petroleum reserve designed to

crude oil prices was to occur gradually
551

lessen the impacts of severe energy supply

incentive for enhancing domestic crude oil

interruptions.

production.

Other provisions prohibit

Adjustment as a production

joint bidding by major oil companies for

incentive is limited to a 3 percent annual

the rights to develop offshore oil fields

rate; adjustment to offset inflation and

and establish allocation and export re

as a production incentive are limited to a

strictions on equipment and materials used

10 percent annual rate.

in developing and producing domestic crude

implementation allows the President to
submit to Congress amendments that would

oil and natural gas.
Title II of the EPCA provides the Presi
dent with specific standby authorities to
be implemented in the event of a severe
energy supply interruption or comply with
obligations under international energy
agreements.

Third stage

Authority is granted to

relax the limits on the rate at which the
ceiling price may be raised.

The need for

the proposed amendments to provide an
adequate incentive for sustaining or
improving domestic crude oil production
must be documented in any such submission.

impose rationing and implement one or more

Title V of the EPCA grants broad authori

contingency plans that would restrict

ties to Federal agencies to verify informa

energy consumption.

tion reported by the energy industry.

Such contingency

plans are required to have the prior

These authorities include the power to

approval of Congress.

subpoena and examine books, records, and

Title III of the EPCA sets forth energy
efficiency standards.

It establishes fuel

economy standards for certain classes of
motor vehicles and provides heavy penal
ties for noncompliance with these stan
dards.

documents kept by companies engaged in the
production, transportation, processing, or
distribution of energy resources.

directed to prescribe accounting procedures
to be used by companies producing crude

Title III also mandates targets

for improving the energy efficiency of

011 or natural gas so as to facilitate the
compilation of a reliable energy data

major appliances and certain other con

base.

sumer products.

The ECPA amends the EPCA title IV pricing

Title IV of the EPCA establishes a domes

policy by partially decontrolling stripper

tic oil pricing policy to be implemented
in three stages.

and tertiary oil prices.

First stage implementa

sell at the world price of crude oil, with

age first sale price of $7.66 per barrel

stripper oil treated as if it sells at the

on domestic crude oil effective February

price of "new" oil for EPCA title IV

This initial ceiling price is

purposes.

approximately $.87 per barrel lower than
the average price of domestic crude oil
which prevailed in January 1976.

The ECPA allows

stripper and incremental tertiary oil to

tion establishes a maximum weighted aver

1, 1976.

The

Securities and Exchange Commission is

III.

METHODOLOGY

Second
In cooperation with others, we have per

stage implementation provides the Presi

formed four separate analyses to determine

dent with authority to raise the ceiling

the economic effects of the EPCA.*

price in subsequent months to offset the

The

first analysis, initiated prior to passage

effects of inflation and provide an
k

Three of these analyses are reported on in [4], [7], [8]. The fourth
analysis is available only in the form of internal FEA memoranda.
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of the EPCA, examines the economic impli

are estimated as the residuals between do

cations of the proposed EPCA pricing

mestic demands, domestic production, and

provisions relative to a continuation of

changes in domestic stocks.*

the status quo.

The second and third

Once results have been obtained from the

analyses, undertaken after the adoption

STPFS, they are used to modify the assump

of the EPCA, analyze the economic impacts

tions underlying a standard DRI model
simulation and create a new macroeconomic

of the EPCA provisions at various stages
of implementation.

The final analysis,

alternative simulation for each energy

undertaken prior to passage of the ECPA,

scenario by resolving the DRI model.

analyzes the effects of amendments to the

Variables in the DRI model for the

EPCA title IV pricing policy contained in

wholesale price index for fuels and

the ECPA, also known as the FEA Extension
Act.

related products and power, the 1967

Each of the four analyses relies upon a

crude petroleum and refined petroleum

constant dollar values of imported

common methodology using two separate

products, and the average unit value

models to measure the impacts of alterna

index for imported crude petroleum

tive energy scenarios.

are changed to levels consistent with

Energy sector

impacts are estimated with a short-term

STPFS estimates.

In addition, receipts

petroleum forecasting system (STPFS)

from indirect business taxes are

developed at FEA. Outputs of the STPFS

adjusted to reflect fees on imports

are then used as inputs in simulations of

of crude oil.**

the Data Resources, Inc.

(DRI) quarterly

IV.

EMPIRICAL RESULTS

model of the U.S. economy to determine
Table 1 summarizes the major assumptions

the corresponding impacts on the general
economy.

underlying six scenarios we employed with
the methodology described in section III

The STPFS operates in a stepwise manner.

to assess the consequences of the EPCA

First, forecasts for domestic production

for energy sector demand and supply and

of crude oil and natural gas liquids are
generated.

for the general economy.

Then, price estimates are

"Pre-EPCA I" and "Pre-EPCA II" reflect

derived for various refined petroleum

the state of the world before the EPCA

products based on these production esti

became effective.

mates and assumptions concerning the

oil and refined petroleum products are

Next,

assumed to continue indefinitely in the

these price estimates are used in an

former scenario and are eliminated

econometric demand model with macroecono

January 1, 1976, in the latter scenario.

mic forecast data to determine the domes

The scenarios "EPCA Stage I," "EPCA Stage

tic demand for eight different refined
petroleum products.

The $2 per barrel

supplementary fees on imports of crude

world price of crude oil, import duties,
and domestic price regulations.

The scenarios

II," and "EPCA Stage III" reflect the

Finally, imports of

states of the world after successive

crude oil and refined petroleum products
*For a complete description of the STPFS and the solution procedure
for it, see [1].
**More detailed descriptions of the DRI model and our energy scenario
simulation procedure are available in [2], [3], and [5],
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then increases 10% annually;
stripper and tertiary oil
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stages of implementation of the EPCA

Our results show that domestic crude oil

title IV pricing policy.

prices are lower after first stage EPCA

The scenario

"S&T Decontrol" corresponds to the state

implementation than without the EPCA.

of the world implied by partial decontrol

However, subsequent stages of EPCA imple

of stripper and tertiary oil under the

mentation gradually offset the effects of
the initial rollback in domestic crude oil

ECPA.
Table 2 reports our estimated energy
sector impacts on domestic crude oil
prices and imports of crude oil and
refined petroleum products through 1978
for other scenarios relative to the "EPCA
Stage II" scenario.

Similarly, Table 3

reports our estimated macroeconomic
impacts on the Consumer Price Index

prices and leave them at levels comparable
to those of the pre-EPCA situation with
supplementary fees removed.

Eliminating

the fees accounts for about one-half of
the impact on domestic crude oil prices
associated with the initial rollback of
domestic crude oil prices in the "EPCA
Stage I" scenario.

(CPI), real GNP, and the unemployment

There are only small differences in imports

rate through 1978 for other scenarios
relative to the "EPCA Stage II" scenario.

of crude oil and refined petroleum products
**
among scenarios.
The maximum variation

Owing to the fact that modifications to

between any two scenarios in the share of

the STPFS were made between the times

domestic consumption of refined petroleum

that the four analyses referred to in

products met by imports of crude oil and

section III were conducted, some of the

refined petroleum products is only three

results presented in those analyses are

percentage points.

not directly comparable.

in imports to changes in energy policy and

Fortunately,

This

lack of response

the "EPCA Stage II" scenario was consid

domestic crude oil prices can be attributed

ered in all four analyses and serves as a

to the inelasticity of energy demand and

common reference point among them. Thus,

the long lead times required to signifi

the comparability problem can be minimized

cantly increase domestic energy supply.

by using the "EPCA Stage II" scenario as

The macroeconomic impacts of the EPCA

a base case and analyzing other scenarios

reflect primarily the effects that changes

relative to it.

This is the procedure we
*
have followed in Tables 2 and 3.

in domestic energy prices have on aggregate
price levels.

The reduction in energy

*The 40 month EPCA decontrol program extends into 1979, but fore
cast horizon limitations of the STPFS did not allow us to extend
simulations past 1977 in some cases and 1978 in others. In
addition to minimizing the comparability problem, reporting
differences among scenarios rather than levels has the advantage
of de-emphasizing the particular assumptions for exogenous variables
underlying our simulations.*
**Domestic crude oil production was assumed to be the same in the
EPCA Stage I" and "EPCA Stage III" scenarios as in the "EPCA Stage
II" scenario. Thus, differences between imports of crude oil and
refined petroleum products in these scenarios only reflect changes
in domestic energy demand. Domestic crude oil production does vary
in other scenarios relative to the "EPCA Stage II" scenario.
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Table 2. Energy Sector Impacts
Relative to the "EPCA Stage II" Scenario
a. Differences in the Average Price of Domestic Crude
Oil ($/bbl)
1976
Pre-EPCA I (Fees)
Pre-EPCA II (No Fees)
EPCA Stage I
EPCA Stage III
S&T Decontrol
b.

1.54
1.62
.79
.68
-.29 . -1.09
.11
.45
.22
.92

1978
NA
NA
-1.56
1.08
.83

Differences in Imports of Crude Oil and Refined
Petroleum Products (MMB/day)
1976

Pre-EPCA I (Fees)
Pre-EPCA II
EPCA Stage I
EPCA Stage III
S&T Decontrol
c.

1977

-.32
-.23
.01
-.01
-.01

,

1977
-.43
-.31
.07
-.02
-.12

1978
NA
NA
.13
-.07
-.28

Percentage Point Differences in Imports of Crude
Oil and Refined Petroleum Products as a Percent of
Domestic Consumption of Refined Petroleum Products

Pre-EPCA I (Fees)
Pre-EPCA II (No Fees)
EPCA Stage I
EPCA Stage III
S&T Decontrol

556

1976

1977

1978

-1.0
-1.0
0.0
0.0
0.0

-2.0
-2.0
1.0
0.0
-1.0

NA
NA
0.0
-1.0
-2.0
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prices after first stage EPCA implementa

that are larger in magnitude than the

tion relative to the pre-EPCA scenarios

impacts found for any other scenario.

leads to a corresponding reduction in
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MHD GENERATORS FOR BASELOAD POWER STATIONS*
L. E. Ring and G, W. Garrison
ARO, Inc,, Sverdrup & Parcel and Associates, Inc.
Arnold Air Force Station, Tennessee

Abstract
The expected continued requirement for power from coal-fired baseload plants
indicates a need for an efficient, relatively pollution-free system capable of
operating on high-sulfur coals. Magnetohydrodynamic (MHD) power generation
offers the possibility of meeting these requirements with cycle efficiencies
above 50 percent. This paper outlines the basic arguments for the conmercial
application of coal-fired MHD baseload plants and describes the MHD High
Performance Demonstration Experiment to be conducted at the Arnold Engineering
Development Center (AEDC) by ARO, Inc., contract operator for AEDC.
1.

INTRODUCTION

constructed, it is expected that at the end of
this century about 50 percent of the power
generated in this country will still be with
coal/1' At present the fossil fuel consumed by
steam electric plants is almost 60 percent coal,
with the rest being natural gas and oil which are
required in many cases because of environmental
considerations.

In the past six years, we have experienced
blackouts, brownouts, gasoline and fuel shortages
due to an oil embargo, and an ever increasing cost
for all forms of energy. These problems have been
categorized as symptomatic of the "energy crisis"
and blame has been placed on excessive coal
exports, a tanker shortage, government antipollution regulations, the lack of coordination between
government regulating agencies, and so on. In any
case, the demand for energy and in particular
electrical power, has been increasing steadily and
causing a severe strain on the resources available
in the United States.
In recent years, the demand for electrical power
has been increasing at a rate that will require a
doubling of production capacity about every ten
years. It is not expected that conservation
measures will significantly decrease the rate of
growth this century and it is clear that more
efficient power plants are desired to economically
meet this demand. There is no power source (solar,
wind, fuel cells, or the breeder reactor) expected
to be available in the next 20 to 30 years which
will significantly supplement the power produced
by conventional nuclear or fossi1-fueled baseload
thermal power plants. Also, even with the in
creasing number of nuclear power plants being

The abundant supply of coal available in the U.S.
and the expected continued requirement for coalfired generating plants clearly indicates the need
for an efficient, pollution-free system capable ofoperating on high sulfur coals. Magnetohydrodynamic (MHD) power generation offers the possi
bility of meeting these requirements. Cycle
analyses indicate that an MHD system operating on
coal can provide an overall efficiency of 50
percent or higher and this is a significant in
crease over the 35 to 40 percent efficiency
obtained in conventional steam power plants/2'
2. THE CASE FOR COAL-FIRED MHD
The baseload MHD power plant (Fig. 1) is envision
ed to consist of a combustor (operating at
approximately 5 atm and 2800°K using coal and pre
heated air), an MHD generator channel inside a
superconducting magnet, a diffuser, an air pre
heater, and a steam generator with the steam

*The research reported in this paper was sponsored by the Energy Research and
Development Administration, Fossil Fuel Division. The work reported herein was
conducted by the Arnold Engineering Development Center (AEDC), Air Force Systems
Command (AFSC). The results were obtained by ARO, Inc, (a subsidiary of Sverdrup
& Parcel and Associates, Inc.), contract-operator of AEDC, AFSC, Arnold Air Force
Station, Tennessee.
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will be captured and can be removed from the
effluent when the seed is recycled/3' Figure 3
shows potassium seeding level required to capture
the S02 from coals having different sulfur contents.

Co n v e n t io n a l
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utilized in a conventional steam turbine. The
MHD generator allows the upper temperature of the
cycle to be raised, thus increasing the overall
cycle efficiency to 50 percent in initial plants
and to 60 percent in second generation plants.
This increased efficiency will reduce the cost
of generating electric power, improve the utili
zation of the available fossil fuels, and
decrease the heat rejected per kw of power
generated. Figure 2 shows the marked decrease in
heat rejection as the plant efficiency increases
and depicts the relative merits of nuclear, con
ventional steam, gas turbine steam, and MHD
steam systems.
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SULFUR CONTENT OF COAL, wt %
FIG. 3. MHD PLASMA SEEDING LEVELS FOR
ELIMINATING SULFUR FROM COAL
(REF. 3)
Figure 4 depicts the decrease in S02 stack gas
emission with the increased addition of potassium.
There is sound experimental evidence^3' that S0X
emissions can be controlled with the addition,
removal, and recycling of the seed material and
thus provide an MHD plant the flexibility of
operating on a fuel having a high sulfur content.
In addition to providing a decrease in thermal
pollution and S02 emissions, the MHD plant has
considerable flexibility for controlling N0X
emissions. The N0X contaminants can be decreased
to acceptable level's by operating with a low air/
fuel ratio and designing the flow system to allow
sufficient gas residence time at high temperature
to permit decomposition of the NOx/1'3'
Alternately, the MHD plant can be designed to
operate with a high N0X content which is then
removed as nitric acid. This may be economically
attractive although its feasibility has not been
established. Succinctly then, the increased
cycle efficiency and decreased pollution make an
MHD generating plant very attractive for baseload
power generation,

CONVERSION EFFICIENCY

FIG. 2.

PLOT OF PLANT HEAT REJECTION
VERSUS PLANT EFFICIENCY

The alkali seed (K2C03) injected into the system
will decompose and the potassium will be ionized
to increase the electrical conductivity of the
gas. At the exit the potassium will re-form as
K2S0<, rather than as K2C03 and in this manner S0X
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4. THE HIGH PERFORMANCE DEMONSTRATION
EXPERIMENT
4.1

EXPERIMENT BACKGROUND AND OBJECTIVES

In an MHD power plant, the MHD generator extracts
energy from the high-velocity, high-temperature
electrically conducting gas stream through the
interaction of the flow with an applied magnetic
field. The performance of the generator is char
acterized by three factors: the energy extraction
ratio, the turbine efficiency, and the combustor
pressure. A number of studies have concluded that
an energy extraction ratio of 0.20 (MHD Electrical
Output/Thermal Input) and a turbine efficiency of
70 percent at 5 atm combustor pressure are requir
ed in order for early MHD plants to achieve a
performance level which will lead to commercial
application of the concept.
There is a substantial gap between the MHD
generator requirements for the commercial power
plant and the open-cycle generator performance
(energy extraction of 0,05 to 0.07 at a turbine
efficiency of 46 percent) which has been achieved
to date. The performance gap is expecially sig
nificant in view of the fact that all of the
generators run to date have operated with working
fluids of much higher conductivity than would be
used in a commercial power plant. A demonstration
of generator performance under operating conditions
simulating the baseload plant has been given a
high priority within the ERDA national MHD program.

POUNDS OF POTASSIUM SEED ADDED
PER HUNDRED POUNDS OF COAL

FIG. 4.

COAL BURNING POWER PLANTS, SULFUR
DIOXIDE (S02) EMISSIONS WITH
POTASSIUM SEED (REF. 3)

3. A NATIONAL MHD DEVELOPMENT PROGRAM
Although MHD power generation appears promising,
there are significant engineering problems which
have to be solved before commercial MHD power
generation can be considered viable. Two major
technical goals that must be achieved are to
demonstrate (1) that the MHD plant is as reliable
as a conventional plant without excessive mainte
nance and (2) that the MHD generator will operate
at high enough efficiency to make the cycle
economically competitive with nuclear and other
alternate systems. The Energy Research and
Development Administration (ERDA) is responsible
for a national MHD development program having the
objective of constructing an MHD power plant of
at least 500-MW capacity'4' by the mid-1980's.
This development program has significant govern
ment support; the ERDA budget in FY76 is nearly
$30 million and the request for FY77 is more than
$37 million. A Component Development and Inte
gration Facility (CDIF), construction of which is
scheduled to begin in FY76 near Butte, Montana,
is a prototype facility designed to perform
component and subsystem studies and to establish
operating and interface requirements. This
facility together with other ERDA technology
programs in, for example, preheaters, combustors,
and generator channels, should establish the
system reliability and operational and maintenance
requirements, one of the major technical objec
tives of the MHD program. The performance level
to be expected from the commercial-sized MHD
generator will be established in an ERDA-supported
project being conducted by ARO, Inc,, personnel
at AEDC.

A project was initiated in December 1973 having the
objective of providing an MHD generator facility
which can convert 16 to 18 percent of the available
thermal energy in the flow into usable electric
power at a turbine efficiency of between 60 and
70 percent. Generator performance is determined
primarily by fluid dynamic, thermodynamic, and
electromagnetic phenomena, all of which equili
brate in less than one second. Since the experi
ment is a demonstration of performance and not
endurance, a nominal 10-15 sec pulsed mode of
operation using a clean fuel is sufficient for the
demonstration and facilities existing at AEDC have
the capability to provide the test conditions
required for this demonstration. The experiment
is to be conducted at a size which allows good
simulation of the fluid mechanics and electro
magnetics of the commercial-sized device. Scaling
considerations(5'6' have shown that an MHD gener
ator operating with a flow rate of 50 to 60 kg/sec
at a burner pressure of 5 to 6 atm (flame temper
ature of approximately 3000°K, electrical
conductivity of 10 to 15 mho/m) and using a
6 Tesla (T) (60,000 gauss) magnet will provide
this simulation. The generator will be operated
at these conditions for run times up to 15 sec
which is sufficient time to obtain accurate per
formance data while minimizing the facility
construction and operating costs. The system will
be operated on toluene (C7H8) and oxygen-enriched
air and will utilize KOH dissolved in methanol
for seed.
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FIG. 5.

LAYOUT OF FACILITY FOR THE MHD PERFORMANCE DEMONSTRATION EXPERIMENT

TABLE I

A layout of the facility for the MHD High
Performance Demonstration Experiment (HPDE) is
shown in Fig. 5. Design of all the hardware
has been completed16' and component fabrication
and assembly of the facility is expected to be
completed by October 1977. The two major
components of the facility are the MHD generator
channel and the dual mode (6 T pulsed and 3.5 T
steady state) magnet both of which are under
construction. The following sections outline
the design characteristics of these two rather
sophisticated pieces of hardware.

HPDE CHANNEL SPECIFICATIONS
Nominal Mass Flow
Oxidizer
Fuel
Nominal Operating Time
Combustor Pressure
Combustor Temperature
Peak Magnetic Field
Seed
Configuration

4.2 GENERATOR CHANNEL DESIGN*
Performance

The basic channel design specifications that
resulted from the scaling and simulation
criteria<5>6> are as follows:

Channel Flow

50 kg/sec
N2/02 = 1-25 by volume
Toluene
15 sec
5.45 atm
2950°K
6T
1.5% K by wt
Segmented-electrode
Faraday or externally
connected diagonal
Energy extraction
> 0.75 MJ/kg at an
overall turbine effi
ciency > 60 percent
Subsonic, accelerating,
with choked flow at the
last loaded electrode

*The generator channel was designed by MEPPSCO, Inc., Boston, Massachusetts,
under contract to ARO, Inc.
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FIG. 6.

GENERATOR CHANNEL LAYOUT INSIDE MAGNET BORE

Computer programs utilizing conventional
analytical and empirical techniques were used to
perform detailed flow analysis to determine the
channel configuration meeting these constraints.
The flow model used an inviscid, one-dimensional
core flow with a turbulent boundary layer and
included electrode voltage drop effects. The
details of these calculations are discussed in
Ref. 6. A layout of the high performance channel
inside the magnet bore is shown in Fig. 6.

TABLE I I

PERFORMANCE ESTIMATES FOR THE HPDE GENERATOR CHANNEL
Configuration Connection
Nominal
Nominal
Nominal
Modified
Modified

The channel is designed for operation at
50 kg/sec with a rough wall boundary layer;
however, the channel and facility have consider
able flexibility to accommodate boundary-layer
growth different from the design calculations,
The facility can provide a mass flow from 40 to
60 kg/sec to assure an accelerating flow with a
choked exit is achieved regardless of the
boundary-layer growth. In addition, the channel
mechanical design provides, if necessary, for
the removal of up to 2.54 cm of material from
each wall at the 7 m station. This would in
crease the exit area by 13 percent and could be
used (1) to accommodate a larger than expected
boundary layer or (2) to operate the channel at
an increased mass flow and pressure ratio to
obtain a higher energy extraction.

Seg Faraday
Seg Faraday
Diagonal
Seg Faraday
Seg Faraday

Mass Flow, Wall
kg/sec
Model
50.0
52.4
50.0
56.4
59.2

Rough
Smooth
Rough
Rough
Smooth

Enthalpy
Power,
Turbine
Extraction
MW
Efficiency
Ratio
43.3
46.9
36.8
52.7
56.6

0.164
0.170
0.143
0.178
0.181

0.6,7
0.71
0.60
0.66
0.69

The channel configuration shown in Fig. 6 is of
rectangular cross section with a nonuniform widthto-height ratio and for ease of fabrication,
handling, and maintenance, the channel is con
structed in five sections. The channel is fabri
cated with an outer pressure vessel lined with the
segmented electrode and insulating pegwalls. The
outer pressure vessel is comprised of NEMA G-ll
fiberglass panels reinforced on the outside with
circumferential stainless steel tie bars which
support the hoop stress. Figure 7 is a photograph
of one section of this outer structure.
Construction details of the insulating pegwalls
are shown in Fig. 8. The pegs are premachined to
the proper length to achieve the channel contour
and are mounted on a polyimide insulator board
to form a peg "brick." Figure 9 is a drawing of
an assembled "brick" showing the copper pegs and
the micalex insulation. After the "bricks" are
assembled, they are bolted and bonded to the
outer G-ll fiberglass wall and the bolt access
hole is plugged with an interference fit copper
plug, A refractory is added to fill the voids
between the pegs at the surface. This assembly
technique does not require that the pressure
vessel be punctured, There are, however, about
50 access ports through the pegwalls for pressure

The flexibility of the design is illustrated by
the performance calculations given in Table II.
The nominal configuration is the design area
distribution while the modified configuration
corresponds to removing 2.54 cm of material from
each wall at the exit. It is seen that a smooth
wall requires a slightly higher mass flow to
provide a choked exit than does the rough wall.
Also, increased performance is achieved by
increasing the channel exit area. It is to be
noted that the influence of wall roughness will
diminish in scaling to a commercial size plant.
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1

and voltage measurements, There is a total of
36,000 pegs (1.9 cm square) in the two insulator
wal1s.

FIG. 7,

NOTE: ALL DIMENSIONS IN CENTIM ETER,

FIG, 9.

PHOTOGRAPH OF CHANNEL
EXTERNAL STRUCTURE

N O T E - A L L DI MENSI ONS

by a screw passing through the outer electrode
wall and into the electrode heat sink. The
electrode axial spacing (electrode width plus
0,16 cm insulating gap) along the channel varies
from 2,54 cm at the channel entrance to 1.27 cm
at the channel exit and is designed to maintain a
Hall potential on the order of 35 v between
adjacent electrodes. This results in a total of
472 electrode pairs in the entire channel length.
Of this total, only 406 pairs, spanning 7 m, are
to be loaded for operation in the Faraday mode
(Fig. 6).

IN C E N T I M E T E R S

NOTE — AL I

FIG. 8.

PEG BRICK ASSEMBLY

DIMEN SI ON S IN O F N T I M E T E R S

PEGWALL CONSTRUCTION

The construction of the segmented-eiectrode walls
is similar to that of the pegwalls and is shown
in Fig. 10. Each electrode assembly consists of
a copper substructure which serves as a heat sink,
and the copper is capped with graphite. To allow
for thermal expansion, the copper is slit and the
graphite is segmented. The graphite caps are
designed to operate at a surface temperature of
about 1800°K to minimize electrode voltage drops
and provide good electrical contact with the
plasma. These graphite electrode caps are
mechanically fastened to facilitate their rapid
replacement after they erode beyond serviceable
limits. Provision for power takeoff is provided

FIG. 10.
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ELECTRODE WALL STRUCTURE
(SEGMENTED ELECTRODE)

4.3 MAGNET DESIGN*

TEMPERATURE ,

The 2 T magnet existing at the AEDC facility was
recognized as being of insufficient strength and
of insufficient length for the MHD Performance
Demonstration Experiment and, therefore, a major
modification of the magnet was required. It was
desired to have a pulsed field in excess of 6 T
for the performance demonstration and to have a
steady-state field on the order of 3.5 T for
future extended duration channel testing. This
led to the concept of a dual mode magnet using
LN2 precooling for a 15 sec pulsed mode and water
cooling at room temperature for the continuous
mode operation. In both modes, the power is
supplied from a modified 27-MW power supply at
16,000 amp and 1700 v.
Consideration of the 16,000 amp current limit of
the existing power supply determined that a coil
of 720 turns is sufficient in the cryogenic mode.
The resulting warm mode peak field is about 3,7 T,
However, the increase in coil resistance when
operated in the warm mode proves to be a severe
mismatch with the existing power supply. This
mismatch is resolved by connecting the upper and
lower saddle coils in series for the cryogenic
mode and in parallel for the warm mode. The
field distributions for the two modes of opera
tion are indicated in Fig. 11. The field

FIG. 12. MAGNETIC FIELD AND COIL
TEMPERATURE RESPONSE DURING
A PULSE
regions of the coil. These detailed force distri
butions formed a basis for the stress analysis in
the coil support structure and appropriate
averages of the resulting force distributions
are shown in Fig. 13.

NOTE: THE LONGITUDINAL FORCES ACTING ON THE
SADDLE ENDS ARE BROUGHT MORE NEARLY INTO

AVERAGE LIFTING FORCE ■ 1270 LB/lfl2
TOTAL IJFTING FORCE a 2,330,000 LB
(FORCE IS DOWN ON LOWER HALF-COIL)

X, meters
FIG. 11. MAGNETIC FIELD DISTRIBUTION
FIG. 13.

and temperature response during a pulse from LN2
temperatures (77°K) is shown in Fig. 12. The
field variation across the bore width corre
sponding to the width of the generator channel is
predicted to be about 4 percent.

DISTRIBUTION OF MAGNETIC
FORCES ON THE COIL

The design of the coil support structure to
contain the enormous Lorentz forces of Fig. 13
proved to be a major undertaking. Not only does
the structure have to prevent repeated plastic
deformation of the coil from the combined Lorentz
forces and thermal stresses, but it must not be
subject to plastic deformation itself.

Detailed calculations of the Lorentz force
distribution in the coils were made to determine
the three-dimensional field components at nine
points in each of twenty-three appropriately
chosen cross sections in the sidebar and saddle

*The magnet was designed by MEA, Inc., Cambridge, Massachusetts, under contract
to ARO, Inc.
565

The salient features of the magnet design are
summarized in the following table:

A coil holding structure completely within the
cryogenic enclosure was adopted and Fig. 14 is an
overview of the resulting support structure. It
is comprised of three functionally independent
subunits as follows:

TABLE III
MAGNET DESIGN FEATURES

1. Saddle boxes to prevent the coil crossbars
and risers from flattening longitudinally or
spreading vertically and laterally.
2.

Copper Weight
Aluminum Weight
Steel Weight
Pole Length
Entrance Aperture
Exit Aperture
Half Coil Height
Coil Width
Space Factor
Turns
Length Average Turn
Conductor Dimensions
Cooling Passages
Total Coil Length
Total Magnet Length
Cooling Requirement
Cryogenic Mode
Continuous Mode
Peak Field
Cryogenic Mode
Continuous Mode

Longitudinal tension members linking the
saddle boxes and preventing longitudinal
growth of the coil.

3. Transverse tension members attached to
vertical beams positioned outside the
longitudinal tension members to prevent
lateral spreading of the coil sidebars.
The various components of the support structure
are to be fabricated of 7079-T651 aluminum which,
while being economical, also has expansion
properties which compare favorably with those of
the copper coil. Since welding would locally
weaken the aluminum, the support structure will
be assembled using interlocking slots and keyways
to provide the required structural integrity.

84.090 kg
59.090 kq
500.000 kq
7.112 m
0.89 m wide by 0.71 m high
1.40 m wide by 1.17 m high
0.49 m
0.53 m
0.8

720
22.2 m
2.5 cm x 2.5 cm
0.'660 cm in diam
8.72 m
9.1 m
64.000 l LNZ
15,470 %/min H20
6.7 T
3.7 T

The field has about 240 MJ of stored energy at the
pulse peak and the current densities, the induced
forces, the thermal expansion, and thus the
engineering problems, faced in this magnet design
are the same as those for an equivalent size and
strength superconducting magnet.
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SUPERCONDUCTING ENERGY STORAGE DEVELOPMENT FOR
ELECTRIC UTILITY SYSTEMS*
R. D. Turner, H. J. Boenig, W. V. Hassenzahl
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Abstract
High load factors are desirabe goals for all electric utilities to
reduce the total power generation cost. Superconducting Magnetic
Energy Storage (SMES) technology has progressed to where it shows
promise as an alternate energy storage method to pumped hydrostorage
to improve electric utility load factors. Experiments at the Los
Alamos Scientific Laboratory indicate that a SMES system responds
quickly (i.e. in milliseconds) to power system demand and has a high
energy storage efficiency. The next generation superconductors suit
able for larger SMES units are discussed, component and system test
results are presented and some energy storage experiments of a 100-kJ
coil and twelve-pulse converter interfaced with an ac power system
are described.
1.

INTRODUCTION

Since 1973, the year of the oil embargo,
the rapidly increasing costs of fuel oil

Superconductivity technology has advanced
to a state where it may be able to contrib

to reevaluate their operating stragegy and

ute to the energy needs of our society.

to seek ways to utilize more base load gen

The absence of electrical resistance may
allow superconductive devices to be smaller,
Applied research programs are

being supported for superconducting machin

Storage of off-peak en

base load operation.

Energy storage has

long been a desirable goal of the utility
industry because of the economic Incentives

ery, bulk power transmission and magnetic
energy storage.

erating capacity.

ergy Is a method of obtaining efficient

lighter, and more efficient than conven
tional units.

and natural gas has caused many utilities

and operating flexibility.

Superconducting magnetic

Today almost

energy storage (SMES) shows technical and

all large bulk energy storage is by pumped

economic promise as an efficient method of

hydrostorage.

storing off-peak electric power for reuse

such storage available, realize significant

during periods of peak power demand.

daily load factor improvement over those

Those utilities which have

which use intermediate and peaking genera
tion units to supply the peak load demand.

*Work done under the auspices of U.S.
E.R.D.A.

568

2.

However, the scarcity of suitable hydro
sites and recent environmental objections

DESCRIPTION OF SUPERCONDUCTING
MAGNETIC ENERGY STORAGE

have prompted many utility groups to con

Large superconducting magnets, similar in

sider other energy storage schemes which

many ways to those being used In physics

might be promising.

research, lend themselves to energy storage

Further, the need for

fossil fuel conservation has fostered both

applications for the electric utility in

economic and political Incentives for pur

dustry.

suing new technologies and bringing them

are shown in Fig. 1.

into use.

mersed in a liquid helium bath, which keeps

A compressed air energy storage

The components of a SMES system
The magnet is im

plant is being constructed in West Germany.

the magnet in its superconducting state at

A fuel cell demonstration and a battery

a temperature below 4.5 K.

test facility will be constructed in the

ing solenoid Is connected to the three

U.S. through EPRI and ERDA support.

phase utility bus by means of a transformer

These

A superconduct

installations will provide operating data

and a converter.

needed to evaluate economic and technical

ation system cools and liquefies the boil-

characteristics.

off helium gas and returns it to the liquid
bath.

The SMES system is based on the relatively

A closed-cycle refriger

recent developments of practical supercon
ductors.

Studies of the application of

Superconducting
coil
L

SMES are in progress at the University of
Wisconsin and Los Alamos Scientific Lab
oratory for load factor improvement by peak
shaving and load-leveling.

Coil
protection

The Wisconsin^1^
LHe

effort has concentrated on the design study
of a 10,000 MWh SMES unit.

Refrigerator

At Los Alamos' '

small model experiments have been perform

Control signal to/from
electrical power system

ed, superconductor evaluation experiments
have been completed, and a 100 MJ (28 kWh)
Fig. 1.

experimental facility has been designed.
This paper briefly discusses the major com

Major components of a supercon
ducting magnetic energy storage
system.

ponents of a superconducting magnetic en

The line-commutated converter regulates the

ergy storage system.

power flow between the SMES unit and the

The electrical pa

rameters are derived for constant power

utility bus.

operation of a SMES system during magnet

the energy storage cycle, the converter is

charging and discharging.

operated as a rectifier to convert the ex

A circuit to

During the charge phase of

economically and nondestructively evaluate

cess ac power to dc for charging the magnet.

high current superconductors is described

The stored magnetic energy can be returned

and test results for three different ex

to the utility bus for peak load demands

perimental superconductors are presented.

by operating the converter as an inverter.

The second half of the paper deals with the

Solid-state converters have been used in

design of an automated model SMES system

our laboratory experiments but modern mer

which operates in a closed-loop power con

cury vapor valves could be used in large

trol mode.

SMES converters should the valves prove to

Test results of a twelve-pulse

converter loaded with a superconducting

be more economical than the solid-state

solenoid are given.

units.
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Phase angle control of the thyristors In

an actual 60 Hz converter requires one to

the converter determines the dc output vol

three milliseconds to generate the correct

tage, Vj, which can be varied between Its

gating sequence following a change in de

maximum value, VmaxJ in the full rectifier
mode, and its minimum value, -V
, In the
max
inverter mode. For positive V^, the magnet

mand input.

current increases and charges the magnet.

mode which is still less than half a cycle.

The charging rate and the power flow from

The transition time from the inverter mode

the three phase line into the coil are-de

into the rectifier mode is identical to the

termined by the amplitude of

according

to the relationship dl^/dt = V^/L.

The sum of ideal switching

time and gating delay time results in a
transition time from rectifier-to-inverter

commutation time, and independent of the

When

pulse number of the converter.

The total

the converter voltage is made negative, a

transition time, including a time delay

charged magnet will discharge, which causes

for establishing the new gating sequence

the magnet current to decrease.

A phase-

in an automated SMES system, is less than

controlled converter requires reactive pow

one fourth of a cycle for inverter to rec

er from the ac bus during both modes of

tifier switching.

converter operation.

A reactive power com

pensation network, such as a synchronous

This rapid time response should make a

condenser or a static reactive power con

SMES system attractive for improving the

trolling device, is needed to provide power

transient stability of a power system, in

factor correction.

addition to satisfying peak-shaving and

Large SMES systems for

electric utility applications will use

load leveling requirements.

(o')

twelve-pulse or even higher pulse number
converters.

Converters with a high pulse

Other attractive features of a SMES system

number have inherent advantages with re

are its high energy density, easy sitabil-

spect to the reactive power requirement and

ity, and its overall high efficiency.

harmonic content of the line currents.

large units, an efficiency of 90 to 95%

The

improvement of performance will justify the

has been estimated.

(h

’

For

qj

' This is very
Increased cost for the transformer, the con favorable compared with an efficiency of
verter, and the more complex control system. 72%, as has been reported for the largest
pumped hydro storage plant in the U.S. at
A unique characteristic of a SMES system,

Ludington, Michigan.

^

compared to storage systems which use elec
tromechanical energy conversion, is its

3.

SUPERCONDUCTOR EVALUATION TESTS

ability to almost instantaneously switch
from one operating mode to another.

Ideal

Research is being directed toward develop

ly, the average switching time for the con

ing high-current and low-cost superconduc

verter from the rectifier mode into the in

tors which would be practical for large

verter mode and vise-versa is one fourth

magnetic energy storage units.

of a period of the bus frequency.

cially available high-performance super

This

Commer

of the line-commutated converter, and as

conductors have current densities in the
2 (7 )
range of 2000 A/mm .' ‘
These superconduc

sumes no time delay is necessary for estab

tors are a composite structure of supercon

lishing the proper thyristor gating se

ductor and normal metal (copper or alumi

quence.

num) for stabilization.

time does not depend upon the pulse number

However, the gating control of
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The high-current

tors.

carrying capability of these conductors

Short test coils, as shown in Pig.

makes possible the construction of magnets

2. have been stacked together to form a

which can store large amounts of energy

magnet which generates a magnetic field of

(W

about 4 T (40 kG) at a current of 3000 A.

= 1/2 LI2).

Although superconducting

magnets capable of storing up to 800 MJ

The 4 T field is roughly the same as will

(224 kWh)have been built for applications

be present in the first large-scale SMES

in nuclear physics, these magnets would not

system.

In this regard, the tests of the

small magnets Is a valid test for future

be economical for utility applications.

magnets.
In recent months, we have tested promising
superconductors to evaluate and select a
high-current conductor for large storage
magnets.

The "short sample" (about .25 m

in length) method was used for the initial
tests.

This consists of increasing the

current through the test specimen in the
presence of a constant magnetic field un
til the material undergoes a superconducting-to-normal transition or quench.

The

critical quench current decreases with
higher values of the applied magnetic
field.

Similarly, the self field of a coil

ultimately limits its maximum current.
Well-designed magnets quench at 90 to 100$
Fig. 2.

of the short sample current.

Pancake coil wound with super
conducting cable.

TABLE I
CONDUCTORS UNDER STUDY
MONOLITH (AIRC0)
CuNI:Cu:NbT1
Conductor Size (mm)
No. of Strands
Strand D1am (mm)
Filaments per Strand
No. of Filaments

0.33:1.25:1

5.0 x 5.0

1.5 x 6.0

0.71 x 18.2

13

99*

__
__
__
22,800

Filler

Ic (4T

,4.2°K)

50,150

helium boil-off when a quench occurs by

6.2

in

dissipating a large fraction of the stored
magnetic energy in an external resistor.

__

7

50

55

114
(Transposition)

Sta-Br1te
(coating)

932 In - 7% Pb

Conductor Twist Pitch (irm)

—
3300

8.3

The circuit breaker CB is closed while
charging the magnet and the current In
creases with rising power supply voltage.

2700 A

3100

p » 10'^2 n-cm
Remarks

—

—

The circuit is designed
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35,000

12.3

conductor tests.

to protect the magnet and to minimize the

0.30

0.89
2700

Figure 3 shows the experimental set-up for

BRAID (BNL)

1:3:1

Filament 01am (pm)
Strand Twist Pitch (mm)

CABLE (MCA)

6:4:1

The diode D blocks the current path through

*50 Strands of
Superconductor,
49 Strands of
m
Cu

the discharge resistor R.

Quench detection

circuits QDC with time constants of about
10 ms sense the beginning of a magnet
So far, three different conductors for

quench and open a solid-state switch SSS,

SMES applications and several insulating

which causes the breaker to open the main

materials have been investigated.

circuit within 15 ms.

Table

The coil current is

I describes the electric and mechanical

forced through the external discharge re

characteristics of the different conduc

sistor R and 80 to 90% of the stored
5 71

current increase was regulated to 1 A/sec
until the magnet quenched.

Each of the

three magnets tested showed the expected
"training" behavior, i.e. the quench cur
rent increased with the number of quenches
until it reached a saturation value.

Con

ductor #1, a 0.5 mm square monolith, per
formed poorly.
CB
D
L
PS
QDC
R
SSS

Fig. 3.

Circuit Breaker
Diode
Coil
Rower Supply
Quench Detection Circuit
Discharge Resistor
Solid State Switch

magnet reached only 70% of the short sam

Circuit used for magnet tests to
compare the performance of several
candidate conductors.

ple rating after training.

The cable and

braid performed very well.

The quenches

for both conductors began at about 75%
of the short sample performance, and in
six quenches, the magnets trained to a
saturation value of over 95% of the short
sample current.

magnetic energy is dissipated outside the
liquid helium bath.

The first quench was about

50% of the short sample current and the

The first coil to

quench is identified on an external dis

Design work is in progress to develop con

play circuit by a light-emitting diode.

ductors which have a current-carrying ca
pability of 30 to 50 kA.

Such conductors

The effectiveness of the circuit depends

will consist of several cables or braids

on the speed with which the quench is de

stacked in parallel with appropriate sta

tected and the opening time of the circuit

bilization material and cooling passages

breaker.

between the individual superconductors.

The energy deposited in the mag

net and the liquid helium bath increases
as these delay times increase.

An elec

4.

tronic circuit was designed to measure the

OPERATING CHARACTERISTICS OF
A SMES SYSTEM

heat dissipated in the discharge resistor.
The resistor current and voltage are ampli

The electrical parameters of a SMES system

fied and multiplied together to provide the

can be easily derived under Idealized as

instantaneous power.

sumptions that the power transformer has

Integration of this

power with respect to time give the energy

no losses and leakage reactances and the

dissipated in the resistor.

converter thyristors are ideal switching

Typically, 80

to 90% of the stored magnetic energy is

devices.

discharged In the resistor.

twelve-pulse converter is the sum of the

These quench

The output voltage, V^, of a

protection circuits are the forerunners of

two six-pulse bridge voltages.

the circuits which will be used to insure

bridge voltage follows the cosine of its

safe operation of large SMES units on util

phase delay angle

ity systems.

Each

Vd = Vdl0 cos “ l + Vd20 cos a 2’

^

During the conductor evaluation tests, a

with V ^ q defined as the voltage of bridge

5000 A, 2 V battery power supply energized

i fora

= 0.

The phase delay angles a^

the magnet at a rate of 10 A/sec to a cur-

and

rent of 2000 A.

twelve-pulse bridge operation, and a 1

Above that value, the
5 72

a

2 are identified for symmetrical

differs from
operation.

for asymmetrical bridge

minimum charge and discharge time, 100 s.
These operating limits are governed by

The rate of current change in an Inductor

several parameters.

is proportional to the applied voltage

it is determined by the current carrying

The upper energy lim

capability of the superconductor.

(2 )

The low

er energy limit is somewhat arbitrary, but
is set by the maximum inverter voltage and

The magnetic energy in a coil is propor

the maximum power rating.

tional to the square of the current
W

m

The maximum

voltage and current for the 130 MJ system
are i 452 V and 4600 A respectively.

(3)

Fig

ure 4 shows both a complete charge and
To calculate operating characteristics of

discharge cycle.

the SMES unit, it is useful to consider the

current mode of 20 seconds has been arbi

case of constant flower P charge or dis

trarily chosen between charging and dis

charge.

charging modes.

The power is given by

A "coasting" or constant

During this time, the con

verter voltage is reduced to zero, and the

P

(4)

system is neither charged nor discharged.

For constant power operation, the converter
-

voltage must follow a t

1/2

5.

CONVERTERS FOR A SMALL SMES SYSTEM

relationship,

which in turn causes the magnet current
1/2
and field to vary as t
, and the magnetic

Several electrical engineering problems
are foreseen.

They must be solved before

operating large storage magnets economic

energy to vary linearly with time.

ally and reliably on an electric utility
bus can be realized.

Figure 4 shows the important electrical
parameters for a proposed 100 MJ (28 kWh)
magnet.

Operation of this system consists

of cycling between 130 MJ and 30 MJ for a
nominal 75% utilization of the storage ca
pacity.

The superconducting coil is de

signed for an inductance of 12.3 H and the
system will have a maximum power limit of
i 1.0 MW.

The lower and upper energy lim

its and the power rating determine the
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(1) Studies must be carried out to de
termine the converter which mini
mizes the reactive power require
ment and generates line currents
with a low harmonic content.
(2) The control system must be designed
to optimize the converter linkage
of the SMES unit to the three phase
bus to achieve the best technical
performance for the application.
(3) Further tests must be conducted to
show that the converter can effec
tively respond to the load perturb
ations in a few milliseconds.
(4) A fault analysis is required, which
would include investigating the ef
fect of fault conditions in all the
SMES system components, including
the transformer, converter, magnet,
and refrigerator, and determining
the consequence of a component fault
on the electrical bus.
(5) Instrumentation and protection sys
tem circuitry must be developed to
provide system protection during
fault conditions.

A complete model SMES system has been set

two variacs are necessary In this setup to

up in the laboratory.

equalize the voltages for both three-phase

The superconducting

magnet consists of eight, 3000-turn, coils

systems.

stacked together as a solenoid.

the converter voltage V^ to ± 150 V.

The maxi

The transformer turns ratio limits
The

mum inductance of the magnet is 70 H; how

converter current, 1^, Is rated at 200 A.

ever, individual coil terminals are also

The two six-pulse bridges are connected in

available to provide lower inductance units. series.

Voltage, current, and real and re

The quench current of the 70 H coil is 45

active power are measured at the ac bus and

A.

again at the three-phase input to each

A twelve-pulse, solid-state converter

interfaces the magnet to the three phase

bridge.

208 V laboratory bus.

ured at the converter dc bus.

The system can be

operated in either a manual,open-loop or
an automatic closed-loop control mode.

In addition, the dc power is meas

During normal charge and discharge opera

The

tion, switch

converter used in the experiment is a linecommutated, three phase bridge with series

R.

smoothing reactors and RC damper circuits

SW- 3, of Fig. 5 is normally

closed and by-passes the external resistor
When the quench protection circuit

senses a quench state, the converter firing

for each SCR.

command signals
SW 3 is opened

Threa phase bus

are terminated, switch
and the bypass thyristor

is then activated. This provides a dis
charge circuit which decouples the convert
er and discharges most of the stored energy
in the external resistor R.
A twelve-pulse converter (i.e., a multi
bridge system) can be controlled In sym
metrically or asymmetrically triggered modes.
Symmetrical operation is delaying all fir
ing signals equally for all converter
bridges.

During asymmetrical operation one

bridge has a fixed firing delay angle and
the delay of the second bridge is variable.
The reactive power requirement of the ac
system is less for the asymmetrical opera
tion but more harmonic filtering is requir
ed.
6.

CONTROL SYSTEM FOR A SMES UNIT

The automatic control system used in recent
Pig. 5-

SMES experiments for the more complex asym

Power circuit of a model SMES
system experiment.

metrical converter control is shown in block

Figure 5 shows the power circuit of the

diagram form in Fig. 6.

model system.

interaction between the power system dis

Two identical power trans

Except for the

formers, one in a star-star connection, the

patcher and the SMES controller, the auto

other in a delta-star connection, form two

matic control system for the model SMES

three-phase systems to provide a 30-degree

unit is designed with all the features which

voltage phase shift between bridges.

are necessary for automatic operation of a

The
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large storage magnet on the utility bus.

ference input as supplied from the random

In an on-line storage unit, the power sys

signal generator is compared with the mea

tem dispatcher remotely controls the charg

sured SMES system power (V^-I^) to obtain

ing and discharging rate of the storage

an error signal, which the converter must

plant.

reduce to zero.

The dispatchers input demand pro

The inner control loop is

vides the reference control signal to the

necessary to achieve accurate and fast cur

SMES unit.

rent response controllability.

This input has been simulated

in the model SMES system by means of a

The power

controller output signal is the reference

random signal generator, thus reflecting

input signal for the current controller.

the unpredictable demand input of a stor

In an actual system, the magnet current is

age unit caused by random load variations.

varied between its maximum and minimum

The random signal generator provides posi

value according to the maximum and minimum

tive and negative power demands to the con

energy limits.

verter.

the power controller only operates between

From these input demands, the con

verter controls the power transfer between

the current limits of the SMES unit.

the storage unit and the utility system.

The asymmetrical firing of the converter

The design of the random signal generator

requires switching of the delay angle in

is in TTL logic, and the digital output is
converted by a D/A circuit into an analog

one six-pulse bridge from a fixed preset
value to a variable value when the convert

signal to conform with the analog control
system..

Therefore, the output of

er switches modes.

The amplitude of this signal re

In the charging mode,

the delay angle for bridge #1 is preset at

mains constant during a preset time period
at an arbitrary value between + 10 and

= 0 and the delay angle for bridge #2
varies between a,-, = 0 to

- 10 V.

= 150 degrees

(commutation limit) according to the power
requirement.

During discharge, bridge

has a preset delay angle of

a

§2

2 = 150 degrees

and bridge #1 varies its delay angle from
= 0 to

= 150 degrees.

The switching

action Is activated by the zero crossing
voltage of the power reference signal.
Timing of the individual thyristor firing
signals Is provided by digital pulse form
ing circuits.

Each digital pulse forming

circuit divides a half period of a 60 Hz
sine wave into 100 steps and generates
pulses for the six thyristors in the bridge.
These six pulses are delayed in phase by
Fig. 6.

Twelve-pulse converter control for
a superconducting magnetic energy
storage system.

an amount determined by the current con
troller.

The automated digital delay cir

cuit of Fig. 6 converts the output of the
analog signal adjustment circuit to the
As can be seen in Fig. 6, the automatic

appropriate CMOS signals for input to the

control system consists of dual feedback

digital pulse forming circuit.

loops, a fast current control loop, and a
slower power control loop.

Each of

the twelve output signals of the two dig

The power re

ital pulse forming circuits are amplified
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in the trigger circuits and then applied

constant line currents representing points

as gate pulses to the twelve thyristors
of the converter.

of constant apparent power were marked on
the power curves.

The power loci for the

The twelve-pulse converter was first test

symmetrical firing mode show the circles

ed with a resistive load to provide check

of constant apparent power as expected from

out and initial converter data before oper

theoretical derivations.

ation with a pure inductive load.

poor power factor for

A super

The relatively
= 7° is caused by

conducting coil whose inductance was 2.5 H

the unusually large commutating reactance

was used for the SMES experiment with the

of the series connection of transformer

twelve-pulse converter.

and variac.

This variac will be unneces

sary In a large SMES system which would
have a power transformer with the proper
winding configuration.

The power loci for

the asymmetrical firing mode (Pig. 7b)
shows clearly the reduction of reactive
power for small real power values.

The

twelve-pulse bridge is not able to operate,
for instance, at a power value of 1 kW and
4 kVAr for the given ac voltage because the
line currents of the two six-pulse bridges
cancel each other.
The line current wave forms were recorded
photographically for eight different values
Qlk'M.)

of the bridge voltage V. between V
and
d
max
~Vmax for the symmetrically and asymetrically triggered converter. It can be said,
in summary, that the line current of the
symmetrically triggered converter has fewer
harmonics starting with the eleventh and
thirteenth harmonic, and that the harmonic
content is almost independent of the phase
delay angle.

The line current of the asym

metrically triggered twelve-pulse converter
b) Asymmetrically controlled convert
er (a^ A a,).
Fig. 7. Power loci diagram for a 12 pulse
converter operating with a super
conducting solenoid coil.

wave form resembles the current of a six-

Both symmetrical and asymmetrical convert

ition, the harmonic content depends heavily

er triggering were investigated.

on the phase delay angles.

Figure 7

has a high harmonic content and the current
pulse bridge with the fifth and seventh
harmonic as the lowest harmonics.

In add

Figure 8 shows

shows the power loci diagrams which were

In a comparison the line voltage, the line

obtained for both triggering modes obtain

current, and the converter voltage of a

ed from recent SMES experiments.

"coasting" magnet for symmetrical and asym

Real and

reactive power were measured electronically

metrical firing.

for different delay angles

and a a n d

that the line currents have a lower har

recorded on an x-y recorder.

Points of

monic content when the converter is loaded
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It Is interesting to note

with an inductance than with a resistor.
Initial tests have been performed with the
model SMES system, controlled by the feed
back power loop.

Although stable opera

tion has been reached; the time constants
of the different controllers require op
timization.

Switching times between charge

and discharge and vice versa of 25 ms have
been measured.

Modifications are being

made in the control system to improve its
performance.

The conversion sampling rate

of the A/D converter will be increased from
its present one per cycle value to 100 per
cycle.

This will improve the switching

time by about half a cycle.

a)

Symmetrically controlled converter (a. =
a = 83°). Iilne= 10A, V 1± =120V, I =
50 V/div.
ne
d

b)

Asymmetrically controlled converter (ad
7°, a2 = 131°). Iiine= 6 a = v line = 120V
V d = 50 V/div.

Furthermore,

a preset voltage demand, computed without
any time delay, will be fed directly into
the automated digital delay circuit.

This

demand will be calculated by dividing the
power demand signal by the magnet current.
The power and current control loops will
then be used for vernier regulation, while
the preset voltage signal provides the
coarse regulation.
7.

CONCLUSION

Model SMES experiments performed at LASL
shows that magnetic energy storage in a
superconducting magnet is a technically
feasible energy storage alternative for
electric utility applications.

SMES is an

Fig. 8.

Line current, line voltage, and
converter voltage wave forms for
12 pulse converter operating with
a superconducting solenoid coil.

tested.

Circuits have been designed and

efficient method of storage which does not
require that electrical energy be convert
ed into mechanical form for storage.
Component tests of a model SMES system in
cludes a twelve-pulse converter and an
automatic control system.

Tests with the

automatic control system show that a SMES

used for nondestructive testing of magnets

system has switching times between the

to determine superconductor performance

charging and discharging mode of about a

characteristics.

cycle and a half.

This makes the system

Further converter tests and studies will be

very attractive for power system stabili

required to clearly identify the best cir

zation .

cuits for a SMES system.

A converter optimi

zation study must be made to Include a cost

High current superconductors which may be
used on the 100 MJ SMES system have been
5 77

evaluation of harmonic filter and power

4.

factor correction requirements.
8.

W. V. Hassenzahl, B. L. Baker, and
W. E. Keller, "The Economics of Super
conducting Magnetic Energy Storage
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SPECIAL USES OF SILICONE ELASTOMERS IN
NUCLEAR POWER PLANT SYSTEMS
D .A . Si eraws ki
Dow Corning Corporation
Midland, Michigan

Abstract
The utility of silicone elastomers as construction materials in
nuclear power plants is discussed. Particular emphasis is placed
on two products developed recently by Dow Corning; DOW CORNING®
3-6548 Silicone RTV Foam for fire resistant penetration sealing
and DOW CORNING® Q3-6527 Silicone Dielectric Gel for neutron
shielding. Both of these products are used at present in nuclear
power plants and their use is growing.
1.

INTRODUCTION

2.

Wherever unusual environmental stability
is needed silicone materials will find
usage. With the advent of the nuclear
industry a new environment, gamma radia
tion and neutron exposure, requires mate
rials to be stable under this kind of bom
bardment. The purpose of this paper is to
outline the utility of silicone materials
for applications in nuclear power plant
systems, especially for fire resistant
penetration seals and neutron shields.
The discussion is divided into three main
sections: a general review of silicones
and their features, followed by two sec
tions on specific products, DOW CORNING®
3-6548 Silicone RTV Foam for fire resis
tant penetration seals and DOW CORNING®
Q3-6527 Silicone Dielectric Gel for neu
tron shields.

2.1

DISCUSSION

SILICONE PRODUCTS MEAN RESISTANCE TO
EXTREMES

Silicone polymers have many useful inher
ent properties including low toxicity,
water repellency, flexibility at low tem
peratures, thermal stability, high dielec
tric properties as well as ultraviolet,
corona and ozone resistance. Many of
these properties can be summed up as sta
bility under extreme conditions. This
stability is due to the strength of the
silicone polymer backbone. A segment of
its basic structure might be depicted as
in
Figure 1 - Segment of Typical Silicone
Polymer
/
-f—
\
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Another area in which silicone products
are useful is where long term UV exposure
or exterior weathering is required.
Dow
Corning sealants for homeowner usage are
guaranteed to last for 20 years in normal
service. Silicone resin-based paints are
used where durable, service free coatings
are needed, such as for water towers,
railroad cars, naval ships and highway
guard rails. Silicone polymers are also
formulated into thin coatings for sealing
and protecting roofs. Silicone roof
coatings have been in service for over
five years and are continuing to perform.

where typically R might be a phenyl or
vinyl group or it could be another methyl.
The Si-0 backbone gives inorganic stabi
lity to the polymer and the organic side
groups permit variety in properties and
performance. These silicone polymers can
be formulated into durable rubbers and
resins which are useful in many applica
tions where organic rubbers and resins
will not perform.
Thermal stability was mentioned as one
result of this stable structure. Data
gathered on the compressibility of DOW
CORNING® 3-6548 Silicone RTV Foam show
that even after 130 days at 200°C there
is no significant change in the resilience
of the foam (see Figure 2).

Now, stability in nuclear environments is
necessary for power plant construction
materials.
Silicone materials are also
stable here with many silicone elastomers
being able to withstand gamma radiation
doses of 100-250 megarads.

Figure 2 - Compressibility of DOW CORNING®
3-6548 Silicone RTV Foam After
Heat Aging

The durability of silicone products has
led to a variety of applications in the
nuclear and electrical power industries.
They are used as transformer fluids to
replace PCB's, fire resistant and high
temperature cable jacketing insulations,
fire resistant high dielectric potting
materials and sealants and as synthetic
high voltage outdoor insulators.
In this
paper two relatively new applications for
silicone products will be emphasized,
fire resistant penetration sealing and
neutron shielding.

Another example of the heat stability of
3-6548 Silicone Foam is contained in
Table 1. Here the constant hydrogen and
carbon percentages are indications that
no significant polymer decomposition is
occurring even at four months at 225°C.

2.2

DOW CORNING® 3-6548 Silicone RTV Foam is a
newly developed product which is ideal for
forming air and water tight, fire resis
tant penetration seals. Penetration seals
are used to close gaps and holes in walls,
ceilings or floors through which conduit,
cables or other elements pass. By sealing
these gaps, fires and other emergency con
ditions can be contained and prevented

Table 1 - Wt. % Carbon and Hydrogen of
DOW CORNING® 3-6548 Silicone
RTV Foam After Heat Aging
at 225°C
wt. % H
wt. % C

1 mo.
7.03
28.1

2 mo s.
7.03
27.9

DOW CORNING® 3-6548 SILICONE RTV FOAM

4 mos.
6.98
27.7
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from spreading for a time to allow easier
control of the situation.
The product is supplied as a two part
liquid. When ready to use, the applica
tor mixes the two portions in a one-to-one
ratio. This can be done by hand or with
automatic mixing and dispensing equipment
for large penetrations. A foam is then
fully formed in 1-3 minutes with an expan
sion ratio of 3.5 to 1. In laboratory
evaluations it is a fire resistant mater
ial with an LOI of 35, a self-extin
guishing time of less than 10 seconds and
a weight loss of about 3% after a 15
second flame exposure.
DOW CORNING® 3-6548 Silicone RTV Foam has
received approval from NEL-PIA and NML,
two nuclear insurance underwriters. Their
conclusions were based on two large scale
burns, one wall and one floor configura
tion.^^ These tests were conducted by
Factory Mutual in accordance with the
ASTM E- 119-73 penetration fire stop test.
This test requires the material to main
tain a seal against fire and smoke pene
tration while being exposed to direct
flames that follow a specified timetemperature curve for three hours. The
first test, a wall burn, was conducted by
Brand Industrial Services, Inc. of Elk
Grove Village, Illinois. The second test,
a floor burn, was conducted as a joint
effort of the Chemtrol Corporation,
Houston, Texas, and Dow Corning. Both
tests were designed to represent the
various types of penetrations found in
actual nuclear plant use. Included in
those test penetrations were the other
materials normally present, such as:
PVC insulated power and control cable,
metal cable trays, conduit, metal
sleeving, pipe and sleeving concentric

The wall test consisted of silicone foam
sealed penetrations in a 10 x 10 foot wall
of 12 inch thick concrete blocks being
exposed to the direct flame of a gas fired
furnace for five hours. The penetrations
were of various sizes and enclosed insu
lated electrical wiring and solid sheet
cable trays .
The flame exposure, monitored by several
thermocouples, followed the time-tempera
ture curve specified by ASTM E-119-73.
The success of the wall test can best be
stated as summarized in Factory Mutual
Research Report #24963: "After five hours,
all seals remained in place and did not
allow passage of fire or smoke".
The floor test is the largest test of
penetration seal fire stops ever attempted
The 13' 9" x 17' 8" x 8" floor contained
twelve openings of various sizes, the
maximum of which was thirteen square feet.
As many as eight cable trays were used in
a single opening. The flame exposure was
for three hours following the ASTM E-11973 specified time-temperature curve. An
alumina-silicate fiber was used as a
damming material during the application of
the silicone foam and remained in place
during the test.
The description and results of four of the
typical penetrations containing silicone
foam are as follows:
(1)

with pipe.

The largest and most difficult test
penetration was a 48" x 40" opening
containing four 18" x 4" ladder back
trays and four 18" x 4" solid back
trays that were filled with PVC
jacketed power conductor and control
cable. The fire stop was constructed
of one inch of damming material and
eleven inches of silicone foam.
During the test, low temperature
readings (100 - 235°F) were noted on
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the cold side of this penetration
seal. After the test, two inches of
resilient silicone foam remained in
areas not adjacent to any conductors.
The areas of silicone foam that were
affected by the fire and heat formed
a hard clinker-like residue that
acted as an ablative during the
remainder of the test.
(2)

inch of damming material and seven
inches of foam.
There was no burn through of the
silicone foam. The seal between the
sleeve and pipe was maintained
through the test. Three inches of
resilient foam remained.
To summarize, it was found that the foam
decomposed approximately five inches above
the damming material regardless of the
size of the penetration and the foam did
an excellent job resisting the extreme
heat passing through the conductors and
pipes and maintained a seal for the entire
test.

A second type of penetration in the
test floor was 50" x 20" opening
containing a 34" x 4" ladder back
tray and a 34" x 4" solid back tray.
Both trays contained PVC jacketed
power conductor and control cables.
The penetration seal consisted of
one inch of damming material and
eleven inches of silicone foam.

2.3

DOW CORNING® Q3-6527 Silicone Dielectric
Gel is mainly used as a protective encapsulant for applications where low stress
generation is required with delicate
electronics components.

Again, low temperature readings
(116 - 205°F) were noted on the cold
side of the seal during the test.
Two inches of resilient foam remained
in the areas adjacent to conductors,
while seven inches of foam in the
areas not adjacent to conductors were
resilient after the test.
(3)

(4)

DOW CORNING® Q3-6527 SILICONE
DIELECTRIC GEL

Most potting, filling or encapsulating
materials used in electrical/electronic
applications have been either fluid or
resinous in nature. A silicone gel is a
departure from these types of products.
It affords the non-flowable permanence of
a resin, as well as the protection from
mechanical and thermal stresses provided
by a fluid.
Its tackiness provides
mechanical adhesion to virtually any
surface, and its jelly-like nature makes
it self-healing to the withdrawal of a
probe.

A 6" diameter conduit, eight inches
long, was mounted flush with both
sides of the test floor. This pene
tration also contained both PVC
jacketed power conductor and control
cables. The seal was constructed of
one inch of damming material and
seven inches of foam. The seal
remained in place throughout the
test and did not allow the passage
of flame.

Silicone dielectric 'gel is supplied as a
two-part system. A base and a curing
agent, both clear fluids are mixed in a
1:1 ratio. Depending on the application,
it may be necessary to apply a vacuum to
the material in order to remove air
entrapped during mixing. The material is
then poured or pumped into place and

A 10" diameter steel sleeve, eight
inches long, was mounted flush with
both surfaces of the test floor.
The sleeve contained a six inch
diameter pipe centered in the opening
Again, the seal consisted of one
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cured in either open or closed containers.
The gel will cure in 24 hours at room
temperature, or the cure may be greatly
accelerated with heat.

Other silicone elastomers could be used in
this application, but would have slightly
lower hydrogen contents (4-7%).
3. SUMMARY

Presently DOW CORNING® Q3-6527 Silicone
Dielectric Gel is being used in solar cell
applications as well as nuclear power
where it is finding use as a neutron
shield. Reactor Experiments, Inc. of
San Carlos, California has formulated a
neutron shield by blending the gel with
other silicone products to attain any
specialized physical properties that are
needed. This blend is then combined with
boron compounds to complete the neutron
shield. Silicone materials are the pro
ducts of choice because they are durable
to heat and radiation and still offer a
high hydrogen content, which is important
in slowing neutrons for subsequent absorp
tion (see Table II).
Table II - Weight % Hydrogen of DOW

O
O
o

1 month
2 months
4 months

225°C

8.21
7 .79
7.25

7.90
8.23
6.93

7.75
7.91
6.98
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CORNING® Q3-6527 Silicone
Dielectric Gel After Heat Aging

Time
Elapsed

Silicone materials have utility in power
plant systems and can contribute to their
safe operation. DOW CORNING® 3-6548 Sili
cone RTV Foam is being used as an effec
tive penetration seal and DOW CORNING®
Dielectric Gel is beginning to find use in
neutron shielding. Their use will be
expanding in nuclear power plant construc
tion in the coming years.

er feature is that silicones have
some inherent flame resistance and in a
fire situation produce relatively mild
combustion products, mainly carbon dioxide
and silica.

Silicone gel blends have a low viscosity
which allows incorporation of large
amounts of solid additives with easy
pourability or pumpability for installa
tion. Also in an explosion situation any
secondary missiles are minimized because
of the soft rubbery nature of the sili
cones.
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SNUPPS SPARE PARTS
PHILOSOPHY
Mel Sanazaro
Union Electric Company
St. Louis, Missouri

Abstract
SNUPPS, Standardized Nuclear Unit Power Plant offers an opportunity for
development of a unique spare part philosophy.

INTRODUCTION
Applications were submitted to the AEC for per
mits to construct and operate five standardized
units in April, 1974. Projected commercial
operation dates are- (Fig. 3)

The power industry is confronted with an im
portant challenge today. Improved productivity
of existing facilities is receiving attention at
the highest levels of management. Stimulated by
increased cost of replacement power and a need
to reduce dependance on oil, the availability of
nuclear and coal fired facilities have been
scrutinized by the Federal Energy Administration.
A study entitled "A Report on Improving the
Productivity of Electrical Power Plants" cited
spare parts availability through standardization
of plant design and plant component as a measure
to improve plant performance.

UE Callaway Unit 1:
KGE/KCPL Wolf Creek Unit 1:
UE Callaway Unit 2:
RG&E Sterling Unit 1:
NSP Tyrone Unit 1:

October, 1981
April, 1982
April, 1983
April, 1984
April, 1985

The objective of this treatise is to discuss a
unique philosophy of standardization, which
should permit optimization of spare parts in
ventory, reduction of downtime and effective
maintenance planning. The concepts presented
are at this time under consideration and will be
evaluated as cost data is available.

SNUPPS
With the encouragement of the AEC, a group of
utilities, hosted by Northern States Power
Company explored the possibilities of developing
a standardized plant design acceptable for multi
site application with the duplicate plant option.
After a period of discussion and scrutiny by the
Anti-Trust Division of the United States Depart
ment of Justice the-members of SNUPPS Standard
ized Nuclear Unit Power Plant Systems were re
duced to five with sites shown in Fig. 1.

METHODOLOGY
Spare requirements for SNUPPS are determined
from a logical progression of activities shown
in Figure 4. The methodology is presented to
graphically place SNUPPS philosophy in per
spective which is, input to systems analysis,
engineering evaluation of spare parts and ware
housing. Concepts covered by the activity
labeled philosophy are:

Kansas Gas & Electric/Kansas City Power &
Light
Northern States Power
Rochester Gas and Electric
Union Electric

PHILOSOPHY
Categorizing components as to service con
dition and critically
Identification of shared spares
Warehousing
Utilization of the construction schedule to
reduce component inventory
Replacement of components vs. repair in place
Utilization of SNUPPS data base to revise in
ventory levels.

The identical portion of the plant for all units
as defined by SNUPPS is the "Power Block" Fig. 2,
which includes the reactor building, (contain
ment) fuel building, turbine building, auxiliary
building, control building, rad waste building
and the hot machine shop.
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Component classification based on service con
ditions or critically with respect to unit avail
ability is an essential part of SNUPPS spare parts
program. This activity designated as systems
analysis is accomplished by analyzing piping and
instrumentation diagrams, systems descriptions,
schematics, one line diagrams and technical
specifications. Components are classed according
to criteria developed from the SNUPPS philosophy
which simply stated, is the highest order of
priority should be given to those components
which will affect unit availability and reliabil
ity if a failure should occur. The next order of
priority is given to components subjected to
severe service wear or erosion, such as a modu
lating or flow control valve. The priority system
is intended to focus maximum engineering evalua
tion on components requiring special sparing
considerations.

curement and shipping arrangements. The latter
may sacrifice some control over these functions,
but the cost of warehousing would be reduced as a
separate organization and facilities are not re
quired .
Regardless of the physical location, common spares
warehousing will reduce inventory and consequent
ly stores charges without jeopardizing plant
availability. Incidentally sampling of SNUPPS
members indicates that annual stores charges
range from 20-307,.
The SNUPPS start up schedule, five units during
a four year period will be utilized to control
the inventory levels of components which develop
flaws of a generic nature. Since a major portion
of failures are fatigue or wear out, the first
units will provide operating and maintenance
data necessary for identification of failed com
ponents and failure modes. This information will
be used to adjust the total SNUPPS inventories.

During recent years, lead time for parts has in
creased at an alarming rate. Deliveries for
forgings or castings are routinely quoted as 1012 weeks for a relatively small forging such as
a valve stem. Large components, turbine rotors
require 15-18 months. Consequently the power
industry has increased spares inventories to pro
vide insurance against the unavailability of long
lead time components. In view of this trend,
SNUPPS has developed a concept knox-jn as shared
spares which are components commonly owned by
SNUPPS members. Identification of shared spares
is based on the folloxving criteria;

Reduction of down time is the ultimate objective
of any maintenance programs. During the early
life of a power plant, utilities are often
plagued by infant mortality of components or
early failures. Since causes for failures of the
nature are due to substandard quality control
during the manufacturing process, improper in
stallation or design error, they are not expected
to be repetitive. The randomness of this type
failure creates a sparing problem in that it is
difficult to anticipate which component will fail.
Therefore, sparing for infant mortality components
may be costly and ineffective. When confronted
with loss of generation and no immediate source
for replacement of the failed component, utilities
with 2 unit plants will re-direct or cannibalize
the unit under construction. Although this
practice is not a desirable method for obtaining
spares, it is an expedient measure used to main
tain production. The SNUPPS schedule once again
can be utilized to an advantage. With compon
ents in production over a four year period, SNUPPS
utilities have a potential supply "coming down
the line". The obvious hazard posed by this
method of obtaining spares is the possibility of
construction delays. Therefore redirection would
be used judiciously and with no impact on start
up schedules.

Lead time, as previously mentioned is a major
cons ideration.
Low failure or replacement rate-components
having long mean time to failure or low turn
over rates could be stocked at a remote
location, while providing availability, not
significantly changing mean time to repair
during the life of the plant.
Cost - this criteria is dependent upon both
lead time and failure rate. That is, the
total dollar outlay alone does not consti
tute a shared spare. For example, a valve stem
or disc costing a few thousand dollars may be
identified as a shared spare primarily on the
basis of a.low failure rate. Whereas pump
internals costing many thousands more could be
stocked on an individual ownership basis be
cause industry data indicates a high failure
rate.

Another area of interest is repair in place ver
sus replacement concept. Repair in place is used
in this case to mean disassembly of a component
at its location, repair or replacement of de
fective part and assembly. Replacement on the
other hand refers to removal of the component
from its location and replacement with another
component. For selected components, the overall
effect would be reduction of mean time to repair.
However, identification of these components is
usually dependent upon accessibility, quality
assurance requirements and general arrangement.
SNUPPS will utilize a 3/4" scale model of the
power block to determine the accessibility and

Through this form of common ownership, the cost
for providing a high degree of availability of
components class as shared spares should greatly
be reduced.
Warehousing of common spares poses a problem yet
to be resolved. There are two possibilities
however, centralized warehousing, and designated
warehousing located at each plant site. The
former offers central control of inventory, pro
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arrangement of the components in question. The
model built by the lead A.E. Bechtel Corporation
will detail piping down to 3/4 inch.
An effective tool in development of an inventory
management program is feedback of component
operating experiences. Reliability data in the
form of mean time to failure is useful for
anticipating spare requirements before failure
occurs. The standardized plant concept increases
the data base of components operating with
identical stress levels, thereby simplyfying
failure analysis.
In conclusion, Standardized plant design offers
an opportunity to increase spare parts avail
ability through pooling of resources. The impact
on unit availability should be a favorable one.

References:
"The SNUPPS Duplicate Plant Concept"
D. F. Schnell
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THE LOSS-OF-FLUID TEST (LOFT) FACILITY
G. D. McPherson
U.S. Nuclear Regulatory Camtission
Washington, D.C.

Abstract
ICFT is a well instrumented scaled model of a commercial pressurized water
reactor. It is designed to study the behavior of engineered safety systems
such as emergency core cooling systems during reactor accident conditions.
This paper describes IOFT, the current nonnuclear experiment series and the
forthcaning nuclear experiments. Significant nonnuclear experimental
results are reported.
1.

INTRODUCTION

Today, nuclear power represents one of the

cladding, which contains the uranium-dioxide

world's most abundant practical energy resources.

fuel together with the radioactive fission

As with every resource, it must not be exploited

products which are produced during reactor

indiscriminantly nor carelessly.

operation.

Challenges

Next, there is a pressure boundary

must be faced, concerns addressed, and problems

of thick steel which contains the water used

solved.

to cool the fuel.

This consists of the reactor

vessel and, in the case of the more common
One of the challenges of nuclear power is to

'pressurized water reactor' (PWR), pumps, steam

ensure an acceptably high margin of safety

generators, pressurizer and accumulator tanks

against the release of significant amounts of

and connecting piping.

radioactivity frcm carmercial reactors.

containment building which forms a barrier

The

Beyond this is the

nuclear industry has developed a philosophy of

between the environment surrounding the reactor

defense-in-depth, whereby a series of barriers

and the natural environment outside the plant.

is established to prevent radioactive releases,

This containment is designed to contain radio

even in the event of the maximum credible or

active releases in the unlikely event of any

'design-basis' accident.

breach in the pressure barrier referred to above.

The primary barrier to the release of radio

The integrity of the primary zircalloy tube

activity is a tube of zircalloy, known as the

barrier is dependent on its being cooled.
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If

a large break occurs in the pressure boundary,

during a LOCA.

These data are used to verify

it is conceivable that the primary coolant will

and improve the computer codes which predict

cease to cool the fuel cladding adequately.

the course of events and the physical conditions

This event is referred to as a Loss-of-Coolant-

which develop during a postulated ICCA in a

Accident (LOCA). In anticipation that such an

commercial reactors.

accident could occur canmercial nuclear reactors
are furnished with redundant emergency core

In the following sections are described the

cooling systems (ECCS) which are designed to

LOFT facility, the planned experimental program,

inject water into the primary coolant system

the nonnuclear experiments which have been mrun

in the event of a LOCA.

to date and the status of preparations for

This water is intended

nuclear testing.

to cool the fuel cladding sufficiently such
that its integrity is maintained.

2. THE FACILITY
The Loss-of-Fluid-Test facility (MET) was

Figures la and lb are simple schematics of the

designed to study the behavior of the ECCS's

primacy coolant systems of LOFT and a large

employed in today's commercial reactors.

four-loop PWR (LPWR) , respectively, each with

It

is a pressurized water reactor located at the

a pipe break shown in one of the primary coolant

Idaho National Engineering Laboratory, 50 miles

loops.

northwest of Idaho Falls, Idaho.

are represented by the operating loop in IDFT

It is owned

The three unbroken loops of the LEWR

by the U.S. Energy Research and Development

while the loop with the postulated break is

Administration, and operated by EG&G for the

represented by the blowdown loop in IOET. As

U.S. Nuclear Regulatory Commission.

shown, LOFT contains all the essential components

Unlike

of the LPWR.

canmercial FWR's, it is a highly instrumented
reactor systan designed to permit the repeated
simulation of LOCA's and it is furnished with

The first core designed for the IOET reactor

a flexible ECCS which can be controlled to

vessel is 5.5 feet long and 2 feet in diameter

provide a variety of ECC flows and injection

(one-seventieth the volume of an LPWR core). It

locations, thus permitting the study of a

contains 1300 fuel pins, compared to approxi

variety of ECCS designs.

mately 40,000 in an LPWR.

(A detailed description

of the systan design is given in Reference (1).)
LOET is the only complete reactor system
dedicated to this type of experiment.

The primary coolant system volume-to-core-power

As

such it is unique in its value to reactor

ratios in IOFT and LPWR are similar.

safety research.

more, the subvolumes, e.g., inlet plenum, core

However, with a core only

Further

one-fifth the linear dimensions of a canmercial

region, outlet plenum, outlet piping, steam

core, it cannot be considered a demonstration

generator and inlet piping are designed to have

plant.

relative volumes similar to an LPWR.

Instead, it is designed to provide

(A detailed

description of the scaling basis is given in

data relevant to the events which vrould occur

Reference (2).)
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The blowdown loop includes orifices to simulate

Fluid pressure, temperature, velocity and

various break sizes, and contains a steam

density are measured at key locations in the

generator simulator and pump simulator to model

primary coolant and emergency core coolant

the effects of these components.

systems. Water inventory in the reactor vessel

The capability

exists to simulate either hot leg (reactor

is accurately monitored by a system of liquid

vessel outlet piping) or cold leg (inlet piping)

level probes. Within the core, fixed and
Figure 2 shows the primary coolant system traversing nuclear detectors will determine
configured for a 'double-ended' cold leg break.
the core nuclear response and neutron flux

breaks.

(By double-ended, it is meant that an offset

shapes, while at 196 locations, thermocouples

occurs between the two ends of the broken pipe

will determine the thermal response of the

in such a way that coolant flows unimpeded from

cladding.

both sides of the break.)

Quick opening valves

in the blowdown loop can be opened in from 10

A cross-section of the reactor vessel illustrating

to 50 milliseconds to simulate the initiation

the reactor internals and instrumentation is shewn

of the break.

in Figure 3.

The escaping coolant is then

collected in a suppression tank which can model
the various LPWR containment backpressure

3.

transients.

THE NONNUCLEAR EXPERIMENTS

While preparations are proceeding for the
installation of the nuclear core, a series of

The ECCS models those systems in an LPWR which

nonnuclear tests is being conducted.

inject into the cold legs with additional

is represented by a device which simulates the

capability for the hot legs, and upper and

core resistance to coolant flow. A description

lower plenum injection.

of the series follows.

The emergency coolant

The core

is supplied by either of two high pressure
injection pumps, by either of two pressurized

3.1 THE NONNUCLEAR EXPERIMENT SERIES

accumulators, and by either of two low pressure

This series includes the five experiments shown

injection pumps.

in Table 1, of which the first three have now

In each case the delivery

rates are adjustable over wide ranges.

been run.

The series was designed to obtain

operational experience required before proceeding
In view of the various features described above

to nuclear operation and to provide baseline

and the flexibility of experimental conditions,

experimental data helpful to the interpretation

the behavior of the LOFT system during a LOCA

of idle more complex nuclear experiments.

is comparable with that of the LPWR in the
sense that the flow and pressure transients are

In every case the primary coolant is pressurized

similar, the same physical phenomena take place

and heated to 540F - the approximate inlet

in the same sequence, and the thermal responses

temperature for nuclear operation. Thus, the

of the cores are similar.

major differences between the nonnuclear and
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the nuclear series are that in the latter, there

The final nonnuclear experiment, Ll-5 will be

is a temperature rise in the coolant as it flows

done with the nuclear core installed, but the core

through the core, a higher coolant temperature

will not be generating power.

in the region between the core and steam

the zero-power baseline result for comparison

generator and the core represents a significant

with the subsequent nuclear powered experiments.

heat source.

This wall provide

These differences all contribute

energy to the coolant which affects the course

Before describing the results from the three

of the depressurization period and introduces

experiments run to date, it is important to

a subsequent period known as reflood, in which

understand the phenomena involved in the delivery

the ECCS must flood the core and keep it cool.

of emergency coolant from the cold leg injection
point to the core.

The first nonnuclear experiment, Ll-1 was a
hot leg break.

In this case the flow does not

3.2 THE DELIVERY OF EMERGENCY COOLANT TO THE CORE

reverse, but continues flowing up through the

The primary coolant normally enters the reactor

reactor vessel and out the break in the blowdown

vessel at the top of an annular region surrounding

loop, to the suppression tank. For this

the core, referred to as the downccmer (see

reason, and for the reason that it was only a

Fig. la). It flews down the dcwnccmer, reverses

50% full break initiated at an intermediate

direction in the lower plenum and rises up through

pressure, the hydraulic forces on the system

the core where it is heated.

were intermediate, and provided a check that

conditions, the coolant wrould then carry the heat

the system was structurally adequate to with

from the upper plenum of the reactor vessel,

stand the most severe loads.

through the hot legs to the steam generators.

Under operating

Here it wrould give up heat before passing on to
The second experiment, Li-2, was a full sized

the coolant pumps to be returned through the cold

cold leg break from full system pressure,

legs to the reactor vessel.

subjecting the system to the most severe
anticipated hydraulic loads. The third experi

In the case of a cold leg break, primary coolant

ment differed in ECC injection location;

flows out the break, the system depressurizes,

combined wdth Ll-2 and Ll-4 results this will

and ECC injection into the cold legs is auto

provide important information on the separate

matically initiated. During depressurization,

phenomena which tends to impede the egress of

there are one or more periods of core flow

ECC from the cold leg injection point to the

reversal during which primary coolant flows up

core region (discussed in 3.2). The fourth

the downccmer and tends to impede the downward

experiment, Ll-4 will be the first corplete

delivery of emergency coolant. Furthermore,

simulation of the design-basis LOCA in the

this reversed flow tends to sweep out water from

nonnuclear mode.

the lower plenum and carry both this water and

It is a full sized cold leg

break at LPWR design conditions and wall serve

the emergency coolant out the break.

to complete our understanding of ECC delivery
and the entire blowdown transient.
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On entering the downccmer, seme of the ECC may

3.3 RESULTS OF THE FIRST THREE EXPERIMENTS

either be swept out the break as described

3.3.1 General

above, or it may fall down the downccmer which

The most important single question addressed by

has very hot metal walls.

Here, the water

the LOFT experiments is, 'How well does the

tends to boil and the resultant vapor may further

measured behavior agree with the behavior

impede delivery to the lower plenum.

predicted by best-estimate computer codes?' -

This

phenomenon is known as the hot wall delay.

codes which were developed from separate effects
experiments and smaller scale system experiments,

Once depressurization is complete, the sweep-

with the object of predicting the LOCA behavior

out effect ceases while EOC delivery continues,

of LPWR's.

with the hot wall delay as the only remaining

trated in Fig. 4 which shows the pressure

retarding factor.

transient in the operating loop hot leg for Ll-1.

Depending on how empty the

The answer to this question is illus

lower plenum is and how rapidly the ECC is

While same predictions'do not agree as closely

delivered, water eventually rises to the bottom

as these, the agreement is generally considered

of the core which is steadily heating up.

to be very good.

(Although it is no longer generating nuclear
power the fuel contains stored energy and it

Next, we must provide confidence in the scaling

continues to be heated by the decay of radio

procedures used in relating LOFT and an LPWR.

active fission products.)

The same scaling procedures were used in the
design of a smaller experimental facility known

As the water level rises in the core, a violent

as Semiscale.

boiling process begins, which leads to a flow

LOFT in which the core is simulated by electrical

of water and steam upwards through the core.

heaters.

This facility is a scale model of

It is one-thirtieth the volume of IOFT.

This flow reduces the rise in fuel cladding
temperature and soon after, the liquid level

Each experiment to be run in LOFT is previously

rises to flood the core.

run in Semiscale.

From this point on,

Therefore, a comparison of

only a small flow of ECC is needed to cool the

the experimental results from the two facilities

core and maintain the fuel cladding integrity.

should demonstrate hew well the scaling procedures
have succeeded.

Figure 5 is a comparison of the

The nonnuclear experiments involve those

transient mass flows in the operating loop cold

phenomena which occur during depressurization

leg for duplicate experiments done in Semiscale

and the initiation of ECC delivery.

and LOFT.

The nuclear

experiments will include the addition phenomena
associated with the reflood of the core.

These results are typical and provide

strong confidence in the scaling procedures.

Same

of the important results from the first three

The LOFT prediction is included in this figure

nonnuclear experiments are described below.

and supports the earlier conclusion that agree
ment with the measurements is good.
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We shall now consider significant results frcm

3.3.3 The Ll-2 Experiment

each experiment.

As noted in Table 1, Ll-2 was run with delayed
ECC injection.

This permitted a measurement of

3.3.2 The Ll-1 Experiment

the hot wall delay discussed in 3.2.1 without

The most immediate and elating result was the

the confounding influence of reversed primary

demonstration that a LOCA experiment could be

coolant flow up the downccmer.

run as planned.

conclusions were:

The important conclusions

The important

- The hot-wall delay is much shorter than

were:
- Measurement of the hydraulic loads showed

predicted.

that we could proceed to the most severe

- Sweep-out of water from the lower plenum

experiments without fear of structural

for a full-sized break was less than

damage to the facility.

predicted,

- The bypass of EOC water around the top of

(see Fig. 7)

- Loads in the suppression tank were much lower

the downccmer and out the broken loop was

than predicted.

less than predicted.

results for BWR safety calculations.

This may have beneficial

- The sweep-out of water from the lower plenum
was lower than predicted.

3.3.4 The Ll-3 Experiment
Due to an administrative error the first attempt

The last two conclusions can be drawn by analy

at this experiment was not entirely successful.

zing Fig. 6 which is a composite of liquid

It was, therefore, re-run successfully as L1-3A.

level measurements taken in the downccmer and

The results included data for comparison with

lower plenum. Notice that after the downccmer

Ll-2 and Ll-4 to separate the effects which impede

empties at 10 seconds, the lower plenum

EOC delivery.

inventory remains essentially constant until

- No sweep-out of ECC water injected into

the emergency coolant begins to arrive at 40 sec
onds.

Afterwards, an analysis of the inventory

Important conclusions are:

lower plenum.
- Excellent repeatability of behavior during

build-up leads to an estimate of the ECC bypass.

transients initiated at the same conditions,
(see Fig. 8)

The significance of the last two conclusions
is that for a hot leg break, the prediction is

3.3.5 The Remaining Nonnuclear Experiments

conservative as to the amount of water remaining

Since the core must be installed between Ll-4

in the reactor vessel at the end of blowdown.

and Ll-5 most nuclear systems must be operational

This means that reflood would actually begin

prior to Ll-4 so that they may be tested under

earlier than predicted by this code.

LOCA conditions.

Detailed

Once Ll-4 is done, the core

results of Ll-1 and Ll-2 are reported in

must be loaded and a series of criticality tests

Reference (3).

done. After Ll-5 the core must be requalified
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to assure that no structural damage has been

Since the focus of LOFT experiments is on

caused to compromise the nuclear experiments.

thermal-hydraulic behavior, the first core does

This means that the criticality tests must be

not contain pressurized fuel, lest it balloon

repeated and the central fuel assembly removed

during the high temperature transients and

for visual inspection.

confound the results.

However, a fifth experiment

in this series is planned in which same of the
Once the core is back in place a series of

fuel rods will be pressurized.

power range tests will be done, culminating in

at the same power as the fourth experiment and

This will be run

a full power demonstration run. At this point,

serve to determine whether or not future experi

towards the end of 1978, LOFT will be ready for

ments should include pressurized fuel.

nuclear experiments.
4.2
4.

THE NUCLEAR EXPERIMENT PLAN

Subsequent Nuclear Experiments

Many other interesting areas of safety research

4.1 The First Nuclear Series

are under consideration for LOFT.

The goal of this series is a full sized cold

with smaller break sizes, other break locations,

leg break while the core power density is equal

alternative ECC injection points and advanced

to the maximum allowable value in today's LPWR's.

ECC systems are most likely to follow the first

In preparation, three experiments will be run at

series.

lower powers.

Experiments

Since this will not be completed until

the end of 1979, however, any decision is subject
to the exigencies of current reactor safety

The power for the first of these three experi

problems and new questions evolving in the

ments will be selected to result in a few

licensing arena.

temperature spikes on the fuel cladding.

For

the second, the power will be higher and cause

5. SUMMARY

a short period of 'film boiling' on the fuel.

IOFT is uniquely suited to its task of performing

The highest cladding temperatures will .be in

M C A and other reactor safety experiments. It>

the neighborhood of 900-1000F.

date three nonnuclear experiments have been

The maximum

power density for the third experiment will be

successfully run.

about equal to that at which LPWR's now operate.

well with predictions and through comparison with

In this case the highest cladding temperatures

Samiscale results, provide strong confidence in

will be around 1500F and may remain there for a

the scaling procedures used.

few tens of seconds.

results have provided confirmation of our under

Between each experiment

Generally the results agree

In particular the

the state of the core integrity will be deter

standing of the depressurization and ECC injection

mined by measurement and inspection.

phases of the LOCA.

It may

Furthermore, they have

be necessary to replace fuel, especially prior

demonstrated conservatisms in the best-estimate

to the final experiment.

codes developed to predict the behavior of LPWR's.
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TABLE 1 - LOFT NONNUCLEAR EXPERIMENT SERIES Li
Break
Opening
Time

Break
Size

Break
Type

Ll-1

1/2 Full
Break Area

Hot
Leg

17.5 msec

Cold
Leg

93

Ll-2

Full Break
Area

Cold
Leg

17.5 msec

Cold
Leg
(Delayed)

155

Li-3

Full Break
Area

Cold
Leg

17.5 msec

Lower
Plenum

155

Ll-4

Full Break
Area

Cold
Leg

17.5 msec

Cold
Leg

155

Ll-5*

Full Break
Area

Cold
Leg

17.5 msec

Cold
Leg

155

*With Nuclear Core
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ECC
Injection

System
Pressure
(Bar)

Experiment
Designation
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Notes:
These schematics are not intended to
illustrate scale. LOFT is about 1/40
the volume of the LPWR.
Heat loss from the primary
loop fluid to the secondary
loop fluid.

Steam generator
simulator

Secondary
Loop Fluid

6 u ic k opening / to siipression
blowdown valves! tank\Lower P lenum j____________
N
Blowdown Loop
Operating loop
Heat addition to the Simulates Broken Loop
simulates 3
i
__ - .. . ,
unbroken loops Accumulator , UI

Pump

ECC Injection
(a) Schematic of LOFT experimental system.

Fig. 3: Cross section o f LOFT reactor vessel.

Fig. 1: Schematic of LOFT and LPWR Primary coolant systems.

BROKEN

Fig. 2: LOFT Primary coolant system configuration for double
ended cold leg break.

600

Fig. 4: Measured and predicted pressure in the operating loop
hot leg, L l-1 .
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THE ROLE OF THE CRBRP IN MEETING THE NATION'S
ENERGY REQUIREMENTS

Donald R. Riley
Assistant Director for Engineering
Clinch River Breeder Reactor Plant Project
Oak Ridge, Tennessee

Abstract
For over two decades the United States has been conducting research and development
on the breeder reactor concept - - - an advanced reactor that breeds or produces
more nuclear fuel than it consumes. The Clinch River Breeder Reactor Plant (CRBRP)
is the nation's first large scale breeder designed to demonstrate the feasibility
of producing electricity for commercial consumption. This paper reports on the
current status of the CRBRP and its important role in meeting the nation's energy
requirements.

1.
1 .1

INTRODUCTION

ULTIMATELY RECOVERABLE U .S .FO S S IL
ENERGY RESOURCES VS. 1974 USAGE (TOTAL)

BACKGROUND

Today we face the awesome challenge of
meeting the Nation's growing needs for
electricity amid declining fuel resources,
increasing costs, and comlex environ
mental, social and institutional
considerations.

RESOURCES

With requirements for electricity
outgrowing our domestic fuel resources,
we no longer have the luxury of
competition of coal versus gas or oil,
or nuclear versus fossil fuels. All
are needed and must be fully developed
in an environmentally acceptable
manner. Historically our energy needs
have risen at a rate of about 4% per
year. We are dependent on fossil fuels
(coal, oil and natural gas) for about
78% of our needs, but our supply is
severely limited. Figure 1 shows our
ultimately recoverable fossil fuels
from known U.S. sources.

% OF TO TAL ENERGY

Figure 1

We know the usage rates for these
fuels, and there are some pretty
frightening implications - we could
run out of our domestic supply of
both natural gas and oil by the
602

early 2000's. Figure 2 shows the
predicted time of exhaustion of these
valuable resources.

electricity in the coming decades is the
Liquid Metal Fast Breeder Reactor (LMFBR).
The LMFBR generates fuei by converting
the fertile uranium-238, which constitutes
over 99 percent of natural uranium, to
fissionable plutonium, a nuclear fuel.
Present day water-cooled nuclear plants
can only use the isotope uranium-235
which constitutes less than 1 percent
of natural uranium. Thus, the LMFBR
is designed to more fully use the vast
store of energy in uranium. By 1967
sufficient work had been done, both
here and abroad, in breeders to prompt
the Atomic Energy Commission (AEC) to
report to the President ". . .The
sodium-cooled fast breeder has been
established as the priority program on
the basis of potential economy, reactor
manufacturer interest, and technological
experience gained in the U.S. and
abroad. . .".

RUNOUT DATES FOR

Because of this, the Nation's electric
power industry and the AEC's successor, the
Energy Research and Development Administration
(ERDA), are working together in a joint energy
research-and-development project of
unprecedented scope and importance the Clinch River Breeder Reactor Plant
(CRBRP) Project, the Nation's first
large-scale demonstration breeder nuclear
power plant, which is located in Oak Ridge,
Tennessee.

Figure 2
The Nation's dependence on foreign
oil and gas is rapidly increasing. But
if the world's current consumption rate
continues, even the world's oil
reserves will be depleted in 50 to
80 years.
The energy potential of uranium— which
is immense in itself— is severely limited so
long as it is used only in our present
light water reactors. The known high
grade reserves in the United States
represent about 600,000 tons of
uranium (U^Og). Although approximately
2.9 million additional tons of
uranium are assumed to exist, the
full extent of these resources is yet
to be determined by an extensive
exploration program in which ERDA is
a major participant.
Even if our growth in electrical demand is
halved in the future, projections show that
the 3.5 million tons of known and assumed
high grade uranium resources will be fully
committed for nuclear plants built in the
1990s. This does not mean, however, that
the U.S. will actually use all its high
grade uranium in the 1990s— that will occur
in the next century. What is does mean is
that we cannot be assured of a supply of
high grade uranium to last for the life
of a new light water reactor built after
the year 2000.
One of the Nation's most promising
alternatives for the generation of

The demonstration-plant project is a key
step in this country's carefully planned,
long-range program for development of the
Liquid Metal Fast Breeder Reactor (LMFBR).
Its primary objective is to demonstrate
the practicality of the fast breeder
concept as a safe, reliable, economically
competitive, and environmentally acceptable
energy source, and to make it available as
a viable energy option within this century.
Successful commercial development of the
breeder reactor will extend nuclear
energy's potential contribution as an
energy resource from decades to
centuries - assuring safe, clean,
abundant electrical energy to meet
our growing needs.

1 .2

CHRONOLOGY

In June 1970, the United States
Congress enacted Public Law 91-273,
which authorized the AEC to undertake
the design, construction, and operation
of a liquid metal fast breeder reactor
demonstration plant as a cooperative
undertaking by the Federal government,
industrial contractors and the electric
utilities.
In January 1972, AEC accepted a joint
proposal of Commonwealth Edison Company
(CE) and the Tennessee Valley Authority
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(TVA) as the basis for the governmentutility venture. Subsequently, two new
corporations, the Project Management
Corporation (PMC) and the Breeder
Reactor Corporation (BRC) were formed
to represent the utility participants.
BRC was established for the purpose of
obtaining financial contributions from
the electric utility industry and to
provide information exchange between
the major participants and the utility
organizations. PMC was established
to carry out the overall management of
the project and to specifically direct
work on the "balance of plant".

power must be developed to its fullest
potential consistent with public health
and public safety. In addition to getting
current generation nuclear power plants on
line much more rapidly, we must develop a
new generation of nuclear reactors."
"This includes the so-called fast breeder
reactor. Only by this means can we capture
the full potential of our nuclear resources.
Future reactors of this kind will be capable
of fuel efficiencies some 60 times greater
than the present nuclear light water
reactors."
"Uranium supplies will thus be extended
for literally centuries rather than just
a few decades. Obviously, it is a big
job, but we must do it, insuring that the
safety of the public is not endangered
and that our environment is adequately
protected."

Proposals were solicited in March 1972
from reactor manufacturers and qualified
architect-engineering firms. In
November 1972, Westinghouse was named as
the lead reactor manufacturers. Burns
and Roe was selected in December 1972
as the architect-engineer.

2.

A memorandum of understanding among the
parties was signed in August of 1972
and amended in January of 1973.
Contracts among the parties (AEC, PMC,
TVA, CE, and BRC) were signed in July
of 1973. Project Management Corporation
signed a contract with Westinghouse,
the lead reactor manufacturer, in
November of 1973 and another with Burns
and Roe, the architect-engineering firm,
in January 1974.

2.1

Today Management of the Clinch River
project is carried out by a single
integrated organization composed of both
Government and industry personnel,
including representatives of the major
project partners - ERDA, the Tennessee
Valley Authority, and Commonwealth
Edison Company of Chicago.

DESIGN DATA
Overall Plant
G enerato r O u tp u t, M W e

..................................

Therm al Power, MWt
............................................
Gross Plant Heat Rate, B tu /k W h ...........................
Plant Capacity Factor ............................................
Number of Prim ary Loops ....................................
Containm ent Diameter, f t .........................................

LOCATION

The CRBRP will be located in Oak Ridge
Tennessee on a 1364-acre site owned by
TVA on the Clinch River, and adjacent to
ERDA's Oak Ridge Operations reservation.
Midtown Oak Ridge, Tennessee, with a
population of about 30,000, lies about
12 miles northeast of the site, with
most of the population residing at least
10 miles from the plant site.

l.A

GENERAL

The Clinch River Breeder Reactor Plant
will he a 350 to 400 megawatt electrical
(MWe) sodium-cooled, fast-neutron reactor
fueled with a mixture of plutonium and
uranium oxides. The plant will be an
integrated electric generation facility,
designed to operate as a part of the
TVA power distribution network. The
major systems of the plant are the
Reactor, Heat Transport and related
systems, Steam Generator and related
systems, Turbine/Generator and related
systems, Fuel Handling System Power
Transmission and Plant Electrical
System, Auxiliary Systems, and
Instrumentation and Control System.
Major plant operational parameters
and design data are shown in Table 1.

In October 1974, the environmental report
and application for license were submitted
to the regulatory staff of the AEC.
(These items are now under review by the
NRC.)

1.3

DESCRIPTION OF CRBRP

380
975
8,881
.75
3
186

Reactor
Fuel Material ............................................................
Cladding Material .....................................................
Fuel Rod Diameter, in ............................................
Fuel Rod Pitch/D iam eter R a tio ...........................
Number Fuel Rods/Assem bly .............................
Number Core Assemblies .......................................
Number Blanket A s s e m b lie s ..................................
Core H eight/Diam eter, f t .......................................
M axim um Cladding Wall Tem perature, °F . . . .
Linear Power Rating, Peak/Avg., k W /ft . . . . . .
Peak Fuel Burnup, M W d / T ....................................
Fuel Volum e Fraction ............................................
Breeding Ratio ..........................................................
D oubling Time, y r ...................................................

NATIONAL GOAL FOR BREEDERS

President Gerald Ford, in an address on
February 25, 1975, said: "If our Nation
is to achieve energy independence, nuclear

Table 1
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Pu/U O xide
S S 316
.23
1.26
217
198
150
3.0/6 .2
1,215
14.5/7
150,000
.325
1.2
23

evaluations permit judgments to be made
regarding the desirability of providing
additional safety margins. These
safety considerations are applied in
such a way that safety is an integral
part of all phases of the program.

Table 1 (Cont'd)
Prim ary Heat Transport System
Reactor O u tle t Tem perature, °F ........................
Reactor Inlet Tem perature, F .............................
Pump Flow Rate at Pump Tem perature,

995
730

gpm .....................

33,500

Pump Developed Head at Design Flow ,
f t Na ..........................................................................

450

2 .3

DESIGN STATUS

Interm ediate Heat Transport System
H o t Leg Tem perature, ° F .......................................
Cold Leg Tem perature. F ......................................
Pump F low Rate at Pump Tem perature,
gpm .............................................................................
Pump Developed Heat at Design Flow ,
f t Na ..........................................................................

In 1974 the reference design for the
reactor system was established and
detailed engineering, development, and
fabrication studies and analyses were
completed and the System Design Description
for the reactor was approved. A schematic
diagram of the plant systems is shown in
Figure 3.

936
651
29,500
410

Steam Generation and Turbine System
T u rb in e Cycle .........................................................
Superheater O u tle t Tem perature, °F .................
Superheater O utlet Pressure, p s i ...........................
Steam F low Rate, Total, 106 Ib /h r ...................
Feedwater Tem perature, °F ..................................

Straight Expansion
905
1,525
3.34
450

Primary

2 .2

DESIGN PHILOSOPHY

The CRBRP is being designed for a 30-year
plant life, and will:
(a) be engineered
to meet strict requirements for reliability,
inspectability, and maintainability; (b)
have minimum environmental impact, including
minimal planned releases of radioactivity
from routine plant operation, and an
evaporative cooling system; and (d)
provide full built-in features for pro
tecting the public health and safety.
The plant will be built in accordance with
a three-level safety concept which has
evolved in, and now characterizes, the
U.S. nuclear power program.
The first level will provide a design
which is safe in normal operation and has
a maximum tolerance for errors, abnormal
operation, and component malfunction.
This is achieved by making optimum use of
the intrinsic features of the CRBRP design
and by assuring that sufficiently high
quality is incorporated into all components
and systems of the reactor and plant.
The second level will provide against
unlikely incidents which might be
anticipated to occur despite the care
taken in design, construction, and
operation to prevent them. This
additional level of protection for the
operating staff and the public is
provided by reliable protection devices
and systems, designed to assure that
such incidents will be prevented, arrested,
or accommodated safely.
Finally, at the third level, public
safety is further assured by evaluating
the margins of plant safety by testing
the design against the calculated con
sequences of hypothetical events which
are extremely unlikely to occur. These
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Figure 3

The reactor delivers coolant at 995°F. The
primary sodium then goes through the hot leg
pump, through the shell side of the inter
mediate heat exchanger, and back into the
reactor at 730 F. Three of these loops,
each coupled with separate intermediate
loops, are provided.
Intermediate sodium
goes through the tube side of the inter
mediate heat exchanger, comes out at about
935 F, exits the containment, and then goes
into the steam generator building. The
coolant flows through the shell side of the
superheater, the flow splits, and goes in
parallel through two evaporator modules.
The intermediate sodium then goes through
the cold leg pump and into the intermediate
heat exchanger. The CRBRP has a recirculat
ing steam system, with a recirculation ratio
of 2 to 1. The fluid leaves the steam drum
at about comes out at about 50 percent
quality, and goes to the superheater. Steam
exits the superheater at about 905°F and
flows to the turbine, then through a
condenser. The condensate is then pumped
by a hotwell pump through a demineralizer,
low pressure feedwater heaters, a deaerator,
and then through a high pressure feedwater
heater back to the steam drum to complete
the cycle.

The plan view in Figure 4 shows locations
of some of the major components of the
Primary Heat Transport System (PHTS).
The reactor is located in the center of
the Reactor Containment Building,
surrounded by three primary sodium loops.
Each of these loops containing radioactive
sodium is located within its own shielded
cell. These cells are inerted with
nitrogen to protect against radioactive
sodium fires. The cells are lined with
steel, to control the moisture content
in the cell and to protect the concrete
in the event of a sodium spill. Heat is
transferred to the Intermediate Heat
Transport System (IHTS) in the Intermediate
Heat Exchangers (IHX's). The nonradioactive
intermediate sodium leaves the Reactor
Containment Building at three locations
and is routed through the Intermediate
Bay to the Steam Generator Building. The
intermediate sodium piping connects each
primary sodium loop to a corresponding
steam generator cell, with no cross
connecting lines between loops, in order
to provide completely independent paths
from the reactor to the steam generators.
Air atmospheres are provided in the
Intermediate Bay and steam generator cells
since they contain nonradioactive sodium.

elevation view. The operating floors of the
Reactor Containment Building and Reactor
Service Building are at grade level. The
reactor, the primary sodium pumps, and the
heat exchangers are located below the shielded
operating floor in the Reactor Containment
Building. The steam generator units in
the Steam Generator Building are located
some distances above the reactor core to
provide for natural circulation of the
sodium, which permits decay heat to be
removed from the fuel in the event of a
failure of the circulating pumps. The
relative elevation of these components
governs the height of the Steam Generator
Building.
C RB RP O VERA LL LAYO U T
(ELEVATIO N VIE W )

CRBRP OVERALL LAYOUT
(PLAN VIEW )
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Figure 5

Figure 4
The bottom of these cells is lined with
steel to protect the concrete in the event
of a spillage of sodium. Heat is
transferred from the intermediate sodium to
the water and steam in the steam generators.
There are two evaporator units and one
superheater unit in each of the three steam
generator cells. Steam lines connect the
superheater units to the turbine.
Figure 5 shows the location of some of the
major heat transport system components in an
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The normal path for removal of decay heat
is from the reactor core into the primary
sodium loops, to the intermediate sodium
loops, to the main condenser, and to the
cooling towers. Since the main condenser
is a non-Category I component which could
fail during a seismic or tornado event, a
Category I system is also provided. This
system consists of air blast heat exchangers
located on the roof of the Steam Generator
Building. These are connected to the
steam generators with a recirculating water
system. Another system has been provided
to remove decay heat if the steam generators
fail. This is an overflow heat removal
system (OHRS), consisting of a heat exchanger
located within the Reactor Containment
Building near the overflow tank. A
secondary system (NaK) transfers the heat
from the overflow heat exchanger to the
air blast heat exchangers adjacent to the
Reactor Service Building.
Preference is being given to a plant
design which requires minimum component
and system development and makes maximum
use of existing technology, while still
providing a practical extrapolation of
the present state-of-the-art toward
commercial LMFBRs. For example,

development related to fuel and instru
mentation, the reactor vessel, inter
mediate heat exchangers, pumps, and
valves arising from the Fast Flux Test
Facility (FFTF) program will be
utilized and improved upon in the
demonstration plant.
A parallel design in which a hypothetical
core-disruptive accident (HCDA) became a
design-basis accident was incorporated into a
Preliminary Safety Analysis Report
(PSAR) which was submitted to the Nuclear
Regulatory Commission (NRC) in April
1975. After receipt of the PSAR, NRC
began an independent review of the
CRBRP design. As NRC questions on the
design arise appropriate Project
technical groups set about answering
them. NRC's review is continuing but
is now in the final phase. A co
ordinated effort is being made to
improve and verify the nuclear, thermal,
hydraulic, and structural performance
of the reactor system and its components.

2 .4

system, and controls flow in the vessel
outlet plenum to minimize stratification.
In addition to the mechanical holddown
provided by the core support and the
upper internals structure, hydraulic
holddown is achieved by directing flow
at the inlet of the core assemblies so
that a positive downward pressure is
maintained.
Access to the reactor for wiring, gas
piping, refueling, inspection, surveillance
and maintenance is provided by the head
access area. The closure head is composed
of three, independently rotatable plugs
which are arranged one inside the other
to provide positioning of a refueling
port over any selected core position.
This design provides access directly
above each assembly for straight-line
push-pull removal;

CRBRP REACTOR VESSEL

SUMMARY DESCRIPTION OF REACTOR
SYSTEM

The reactor core is contained within the
reactor vessel which is surrounded by
the Reactor Guard Vessel (Figure 6).
The core is cooled by Liquid Sodium Flowing
through the three primary loops of
the reactor heat transport system to
the Intermediate Heat Exchanger. The
guard vessel limits and contains sodium
in event of a leak.
The Reactor Vessel provides containment
and support for the core. Overall weight
of the vessel is 313 tons with an inside
diameter of 20'3" and height of 54’10".
An internal downcomer is made un
necessary by an elevated piping design
but, the vessel wall is protected by a
thermal liner and sodium bypass flow which
limit wall temperatures to a maximum of
900°F.
The support, positioning and restraint of
the reactor assemblies is attained by the
lower and upper internals structure.
The lower internals structure consists of
the core support plate which is attached
to the reactor by a conical support. The
core barrel is supported by the core support
plate. The core barrel in turn supports core
former rings, fixed shielding, and in
confunction with the reactor vessel,
the horizontal baffles.
The upper internals structure, supported
by the intermediate rotating plug
of the reactor vessel head, serves to
position the control system, provides
mechanical backup to the hydraulic balance

Figure 6
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positioning and multiple flow
channels to minimize potential flow
blockages while the outlet nozzle
serves two purposes; to direct sodium
flow into the upper plenum and to
provide an identification system
between types of assemblies. The
upper 48 inches of the fuel rods is
a fission gas plenum.

The stationary outer ring supports the
vessel and the successive rotating rings.
Bearing, seals and plug drives are mounted
on risers to allow them to operate at lower
temperature than the head itself. The
closure head is forged steel with shielding,
thermal reflectors and a sodium splash
suppressor plate suspended below.

The active fuel is surrounded by a radial
blanket consisting of 150 elements with
dimensions similar to those of the fuel
assemblies (Figure 8). Each blanket
assembly contains 61 rods and has a
configuration similar to the fuel
assemblies. The stainless steel clad rods,
in the radial blanket assemblies, contain
a 64 inch stack of depleted UC>2 pellets;
the remaining rod length again is a fission
gas plenum. Assembly outlet and inlet
nozzles serve the same purposes as those
of the fuel assemblies.

The core contains 198 hexagonal fuel
assemblies, (Figure 7) arranged to form
a cylindrical geometry of two fuel enrich
ment zones. The inner zone contains 108

LMFBR REACTOR
SECTION AT CORE MIDPLANE

90

CRBR RADIAL BLAMKET ASSEMBLY
IDENTIFICATION NOTCHES

FLOW EXIT
OUTLET NOZZLE

GRAPPLE GROOVE

DUCT

WIRE WRAPPED
BLANKET ROD
FLOW CHANNEL

LOAD PAD

ATTACHMENT RAIL

PIN

RAIL HOLDER
LOWER SHIELD &
ORIFICE ASSEMBLY

Figure 7

PISTON RING

assemblies, and is surrounded by the
outer zone which contains 90
assemblies of higher enrichment to
promote more uniform heat generation.

FLOW ENTRANCE

INLET NOZZLE
DISCRIMINATION POST

Each core fuel assembly contains 217
stainless steel clad fuel rods spaced
by spiral wire wrap along the fuel
rod length. Subsequent cores may use
gridded assemblies.

S 4 0 0 -4

Figure 8

Sintered-powder fuel pellets of mixed
plutonium-uranium oxide are stacked
to a height of 36 inches. Each fuel
assembly measures 180 inches in
length with a 4.76 inch pitch, and each
assembly contains shielding and outlet
and inlet nozzles. The inlet nozzle
assembly provides for discriminatory

The upper and lower blanket and the radial
blanket serve to completely enclose the
enriched fuel. In addition to breeding
fissile plutonium and generating heat,
the blanket assemblies shield outer
structures by absorption and reflection
of neutrons. Outside the blanket are
324 removable radial shield assemblies
of the same overall hexagonal geometry.
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energizing the stator causing the roller
nut to disengage, allowing the control
rod to fall by gravity with an initial
spring assist.

The primary and secondary control systems
(Figure 9) provide overall plant shutdown
reliability. Either system can achieve
reactor shutdown with the other system
completely inoperable and with the rod
of most worth in the operable system
stuck. Fifteen control assemblies
comprise the primary system used for
startup, burnup compensation and load
follow. Four assemblies make up the
secondary system which serves as an
alternate shutdown system.

Withdrawal of secondary control
assemblies is by twin ball screw with
translating carriage, the secondary rods
are used only for shutdown, and must be
withdrawn from the core before startup can
be initiated.

CONTROL ROD SYSTEMS COMPARISON
PRIMARY

SECONDARY

In the secondary system, a piston at the
top of the drive mechanism is held in the
upward position by pneumatic pressure, and
scram initiation is achieved by deactiva
tion of a solonoid which relieves the
pressure, allowing the piston to move
downward to open the latch supporting the
control rod. Gravity with hydraulic assist
drives the control rod into the core.

2 .5

SODIUM LOOPS

Sodium flows from the reactor outlet to
the intermediate heat exchanger through
the primary loops. A primary pump is
located in the hot leg of each loop and
pumps sodium at 995 F to the intermediate
heat exchanger at a rate of 33,400 GPM.
Primary sodium enters at a point near the
middle of the tube bundle, flows upward
to a distribution cylinder, then down the
shgll side and exists at bottom of the
unit.
This unit provides a barrier against re
lease of radioactivity, while heat is
transferred to the non-radioactive,
intermediate sodium loop. Flow of primary
sodium from the heat exchanger is directed
through a check valve back to the reactor.
Intermediate sodium enters at the top of
the heat exchanger at 650°F and is directed
into a downcomer which carries it to the
bottom of the vessel. It then enters the
tubes through the tubesheet and flows
upward to the upper plenum and outlets at
936 F.
Sodium from the intermediate heat exchanger
flows to the superheater. Here, sodium
enters near the top, flows down the shell
side and discharges near the bottom. The
sodium discharge from the superheater is
divided and flows to the two evaporators at
844 F. Flow through the evaporators is
similar to that in the superheaters and
an intermediate heat exchanger to complete
the cycle.

7N3-73
7 -7 W O M U I

Figure 9
Each system consists of a sodium-cooled
control assembly containing a movable
Boron Carbide pin bundle, a control rod
driveline, and a control rod drive
mechanism. Normal movement of the
assembly is by magnetic actuation of
a collapsible-rotor, roller nut drive
on the control driveline leadscrew.
Scram insertion is achieved by de

The steam system is a closed loop system
containing steam generators in the form
of evaporator and superheater units.
Because of space limitations the steam
system will not be described in this
paper.
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3.
3 .1

SUMMARY

THE ROLE OF THE CRBRP

The severity and complexity of our
Nation's energy problems during the past
five years have forced us to look for.
new energy sources to supplement and
eventually replace our decreasing supplies
of fossil fuels. Development of a new
technology is seldom, if ever, a simple,
matter and usually requires decades
from initial concept to its full potential.
We were fortunate in having a new technology
the Liquid Metal Fast Breeder Reactor that was essentially ready to move from
the laboratory into a demonstration of
commercial usefulness. The LMFBR is one
of the most promising sources of energy
for the future because it is essentially
an inexhaustable energy system that produces
more fuel than it consumes. It has the
full potential for providing significant
amounts of our electrical needs by the
end of the century.
The CRBRP will be a major step in the
successful transition from the government's
25 years development of LMFBR technology
to the utilities industry for commercial
application. The Project will serve as a
focal point where, for the first time
since electricity was produced by an
experimental breeder reactor (EBR-1) on
December 20, 1951, individual components
developed in previous research will be
assembled and operated on a commercial
scale. There are more than 740 electric
power systems from the public, private,
municipal and cooperative sectors of the
electric power industry, that have joined
with the Federal Government in the CRBRP
Project. The project is being managed
by the ERDA in an integrated office in
Oak Ridge which is staffed by both
electric power industry and government
personnel.
The CRBRP is scheduled to commence initial
operations in late 1983. The total cost,
which is being shared by the government
and the electric power industry, is
estimated to be $1.95 billion. This
estimate is based on design, construction,
research and development, and five years
of post-construction operations. At the
end of the five year period, TVA will
have the option of buying the plant and
making it a part of their power
distribution system.
The successful completion of the LMFBR
Program will extend the contribution of
nuclear energy as a source of electricity
from decades to centuries. It will
conserve valuable uranium resources and
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reduce the drain on fossil fuels. Success
of the LMFBR will be reflected in our
national economy by holding down the cost
of electricity to the consumer.
The CRBRP will be a major part of the
LMFBR Program and of utmost importance
in solving the Nation's energy problems.

FEASIBILITY OF INTEGRATED OCEAN THERMAL GRADIENT-NUCLEAR
PLANTS FOR THE PRODUCTION OF ELECTRICAL POWER
Frank Ferrer and Donald Sasscer
Mayaguez Campus of the University of Puerto Rico
and
Center for Energy and Environment Research
of the University of Puerto Rico
Mayaguez, Puerto Rico

Abstract
A study was made of the feasibility of integrating an ocean thermal
energy conversion (OTEC) electrical power plant with a nuclear power
plant. The integration was such that the waste heat of the nuclear
plant was used to augment the thermal efficiency of the OTEC plant.
The study was performed for three shore line sites of Puerto Rico
where deep cold water is found between 2 and 10 miles from shore.

1. INTRODUCTION
1.1

NEED

The increasing cost and scarcity of fossil
fuels have encouraged scientists and engi
neers to look for new energy sources. One
such source is the solar energy absorbed
by the ocean. The method used to convert
this energy into useful power is referred
to as Ocean Thermal Energy Conversion (OTEC)
The main thrust of our research into inte
grating Ocean Thermal Energy Conversion
power plants with nuclear power plants is
to investigate a method by which the use
of our two most abundant energy sources,
solar and nuclear, can be combined so as
to mutually enhance their advantages, or
diminish their disadvantages. Of the three
most commonly proposed schemes for pro
ducing solar electricity; concentration of
the solar energy with focusing mirrors,
direct conversion solar cells and use of the
temperature difference existing in trop
ical ocean water (OTEC),only Ocean Thermal
Energy Conversion seems to lend itself to
being integrated with a nuclear power
pi ant faci1ity.
1.2

OCEAN THERMAL ENERGY CONVERSION

In the tropics, the sun heats the surface
of the ocean forming a layer about 50 me
ters deep in which the temperature reaches
as high as 85°F, depending on the location.
This occur almost throughout the whole
year. This warm water drifts toward the

poles, losing its heat in the process.
Thus warm surface currents flow from the
equatorial regions toward the poles. Corre
spondingly, cold water, which is denser
than warm water, drifts deep below the sur
face, from the polar regions toward the
equator.
In an OTEC plant, the warm surface water
is pumped into the evaporator to evaporate
the working fluid, a fluid that evaporates
at ambient temperature, 78°F, under mod
erately high pressure. The working fluid
vapor under high pressure is fed into a
turbine-generator and is discharged at low
pressure into the condenser which receives
cold water from the deep ocean. The liquid,
low pressure working fluid is then pumped
to the evaporator to close the cycle.
The primary advantage of an OTEC power
system is that it uses the ocean for stor
age of solar energy and thus one, in theory
at least, should be able to produce huge
amounts of steady state power from a renew
able source utilizing comparatively low
technology. The major disadvantage ofOTEC
power is its low thermal efficiency. The
temperature at some advantageous locations
might be found to be 85°F on the surface
and 40°F at depth. This would give an
ideal, maximum, efficiency of
= j - Tdepth _ -j
Tsurface

500
545

or 8.25% and perhaps, an actualefficiency
611

therefore does not require extensive en
ergy storage facilities, appears to be the
only solar-electric scheme that lends it
self to base load power production. The
combination of nuclear and OTEC therefore
seems to be ideal for base load power
production.

of 4%
Of course, low efficiency gives no fuel
costs penality since the fuel (solar engergy) is free, but low efficiency also
implies large size and the accompanying
high capital costs.

One hope of reducing the cost of electri
It has been proposed that OTEC plants be
city is by standarization and a production
floating facilities anchored near the
line construction of power plants. Since
shore along warm ocean currents. (1)
both nuclear and OTEC are capital intensive
However, the technical difficulties, as
plants, they would be the greatest benefi
well as the high cost, associated with
ciary of production line construction.
construction, maintenance, anchoring, and
power transmission of floating OTEC plants
Finally, thermal pollution by nuclear _
give doubts as to their engineering and
plants has been one of the primary environ
economic feasibility. These problems
mental constrai nts on plant siting. By using
justify the investigation of alternative
all of the tnermal output of a nuclear
methods of utilizing ocean thermal energy
plant for thermal enhancement of an OTEC
which may be more technically feasible
plant, thermal pollution of nucl ear pi ants
and less costly. One such method would be
should cease to be a siting problem.
to locate the OTEC facilities on land in
shoreline areas which have a close prox
2. SITE SELECTION
imity to deep ocean water. This scheme
would not only eliminate many of the diffi
Puerto Rico has some of the best potential
cult engineering problems associated with
OTEC sites in the world. We investigated
floating OTEC systems but would make it
the feasibility of using three shoreline
possible to integrate the land-sited OTEC
locations of Puerto Rico as sites for OTEC,
plant with a conventional fossil or nuclear
and integrated OTEC-nuclear electrical
plant in such a way that the waste energy
power plants. The sites selected for this
of the conventional plant could be used
study are Punta Tuna located in the Southto increase the low efficiency of the OTEC
East near Yabucoa, Punta Higuero located
plant.
on the West coast near Rincon, and Barrio
Islote, near Arecibo. (see Fig. 1)
1.3 OTEC-NUCLEAR INTEGRATION
As mentioned above we chose to investigate
the integration of an OTEC plant with a
nuclear plant because this combination
utilizes two of our most abundant energy
resources. There are additional reasons,
however, for combining an OTEC plant with
a nuclear plant rather then with a fossil
fueled plant. Nuclear plants, due to
temperature limitations, are 1ess efficient
than fossil plants eventhough they produce
electricity at comparable or less cost.
The less efficient nuclear plant, thus
will give more thermal enhancement to the
OTEC plant than an equal sized fossil
plant.

ATLANTIC OCEAN

CARIBBEAN SEA

Not only does a nuclear pi ant operate at
less efficiency than a fossil plant but
all of the waste heat of a nuclear plant
is rejected from the condenser whereas
approximately 10% of the waste heat from
a fossil plant is rejected as gas through
a stack and is thus less readily available
for utilization as thermal augmentation
of an OTEC plant.

FIGURE 1. SITE LOCATION
Barrio Islote is the sited selected by the
Puerto Rico Water Resources Authority for
a proposed 623 Mwe nuclear plant.

Since nuclear plants are capital intensive
but low fuel users when compared to fossil
plants, most utilities use nuclear plants
for base load power. The OTEC plant,
which produces steady power from the vast
solar energy stored in the ocean, and
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The tropical waters surrounding Puerto
Rico have warm surface water at 75°'F to
85°F and one thousand meter deep water
at 40°F to 45°F. Figure 2 shows the pro
files of the ocean bottoms adjacent to the
sites. (2), (3), (4). The distances from
the sites necessary to obtain a depth of
one thousand meters are approximately 2
miles at Punta Tuna, 6 miles at Punta
Higuero and 10 miles at Barrio Islote.

STEAM

NHj VAPOR

FIGURE 3. SCHEMATIC OF
OTEC-NUCLEAR POWER PLANT

The thermodynamic efficiency of an OTEC
plant is very small due to the small
temperature drop that occurs across the
evaporator. Therefore, a great quantity
of surface ocean water is required to
obtain the necessary heat flux. This will
assign about 40% of the plant cost to the
heat exchangers and pump; about 20% will
be due to the piping and the 40% will
correspond to the additional equipment
like mooring, hull, surge tanks and instal
lation .
4. OPTIMIZATION TECHNIQUE
This study uses the Carnegie-Mel 1on Uni
versity (CMU) approach to design and cost
analysis of an OTEC plant and the optimi
zation model for condensing-coo 1ing sys
tems for power plants developed by Dynatech
Research and Development Company.

FIGURE 2. BOTTOM PROFILES

3. OTEC-NUCLEAR PLANT INTEGRATION

The CMU approach (5, 6, 7, 8, 9, 10, 11)
is based in an optimization technique
called geometric programming developed by
Zener, Duffin, and Peterson (12, 13). A
oeometric programming algorithm developed
by' Blau and presented in a computer code
by Kuester and Mize (14) was implemented
with the CUM approach.

A schematic diagram of the integrated OTEC
-Nuclear facility used in this investiga
tion is presented in Figure 3. Warm
surface ocean water is pumped into the
nuclear condenser where it is heated and
discharged into the evaporator of the OTEC
plant which uses ammonia as its working
fluid. The ammonia is evaporated under
high pressure, fed into the turbine and
discharged at low pressure into the con
denser which receives cold water from the
deep ocean.
If the power of the OTEC
plant exceeds approximately 12% of the
power of the nuclear plant it is necessary
to pump additional warm ocean surface
water directly into OTEC evaporator.

Since the major cost components in a land
based OTEC are the heat exchanger, cooling
nipes and pumping, it is obvious that in
order to lower the overall cost of the
installation, we need to minimize these
components.
The approach that follows is to obtain the
minimum cost as a function of the pipe
length, because this is the component that
carries the greatest weight in the cost
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analysis. The length of the cooling pipes
is estimated from the bottom profiles
given in references 15, 16, 17, 18, and 22.

fore, is the trade-off associated with
eliminating the floating costs like moor
ing, hull etc. compared to the increase
in the piping costs.

It is intended to minimize the cost of
the exchangers, pipe and pumping for one
of the integrated models.
The
minimization function can be expressed as

The percent of the total capital costs
expended in piping is shown in Figure 4.
This figure shows the cost distribution
attributed by piping as a function of the
ratio of power output of the OTEC section
of the integrated plant to the power out
put of the nuclear section of the inte
grated plant. The analysis was performed
using a 623 MWe Westinghouse, PWR Nuclear
reactor, therefore a power ratio of 1
indicates that both the nuclear and OTEC
section of the integrated plant are pro
ducing 623 MW of electricity.

g0 = ci • thct - (Ae + Ac + ACn )
+

C

2 ■ 1"! ■ thcp • Dp . Lp

+ c3 (al +

)

where:
cost of exchanger
Cl = material per cubic
foot.............. .($/ft3 )
thct = thickness of the
exchangers tubes . ..,(ft)
areas of the
evaporator, con
denser and nuclear
condenser respec
tively ............ (ft2 )

Ae ,Ac >Acn

c 2

=

cost of pipe
material per
cubic foot........ ($/ft3 )

thCp = thickness of pipe.. (ft)

—

II

Ql
O
LP

diameter of pipe... (ft)
combined length
of inlet and out
let pipes......... (ft)

C3 = cost of pumping. .. .($/gpm)
-jj xi 2 ~ flow of surface
ocean water and
deep cold ocean
water respec
tively, expressed
in gallons per
minute.......... . (gpm)

This function was minimized subject to the
physical constraints of the integrated
sys tern.

POWER RATIO (OTEC-NUCLEAR)
FIGURE 4. COST DISTRIBUTION OF PIPING

5. RESULTS
5.1

FOR LAND SITED OTEC PLANT

PIPING COSTS

If the OTEC plant is located on land, the
40% corresponding to the additional equip
ment and its installation will drop to
about 30%. The 40% due to the heat ex
changers and pumping will be reduced to
20% and the piping may increase to 50%.
A major portion of a study of land-based
compared to floating OTEC plants, there
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It can be seen that the piping costs is
strongly site and size dependent. The
piping costs varying from greater than 60%
for Barrio Islote (where the deep water is
10 miles from shore) at low OTEC power to
approximately 20% for Punta Tuna (where
the deep water is less than 2 miles from
shore) at high power.

The OTEC plant size dependency is due to
fact that the water volume carried by the
pipe is proportional to the square of the
radius of the pipe whereas the pipe costs
is more nearly proportional to the pipe
radius.
5.2

EFFICIENCY

The efficiency of the land sited OTEC
plant and of integrated land sited OTECNuclear plant is shown in Figure 5.

POWER RATIO (OTEC-NUCLEAR)
FIGURE 6. COST OF ELECTRICITY
Even though the actual cost of electricity
as obtained by our study may very well be
in error, the relative costs of electricity
produced at the three land sites and for
the floating modules should be substantially
correct since they were all calculated
with the same set of assumptions.
6. CONCLUSION

FIGURE 5. EFFICIENCY
These are discourageously low efficiencies
however it can be noted that for the Punta
Tuna site, an OTEC plant of 150 MWe (power
ratio of 0.25) has its efficiency increased
from about 2.8% to 3.1% giving a 10% in
crease in efficiency when it receives the
waste heat from a 623 MWe nuclear plant.
5.3

COST OF ELECTRICITY

The cost of electricity produced by the
OTEC section of the integrated 0TECNuclear power plant, the cost of electri
city produced by the same land sited OTEC
facility when it receives no thermal in
put from the nuclear section and the cost
of electricity of floating 100 MWe Carnegie-Mellon University OTEC modules are
Shown in Figure 6.
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The utilization of the waste heat of a
nuclear plant appears to be effective in
reducing the cost of electricity produced
by a land sited OTEC plant if the OTEC
power output is less than about one-third
that of the nuclear plant. At all power
ratios, however, the cost of electricity
of a land sited OTEC facility at Punta
Tuna, (where deep cold water is found only
2 miles from shore), is less than one-half
the electricity costs of a floating plant.
When the deep cold water is found 10 miles
from shore (ie Barrio Islote), the electri
city costs for a land sited OTEC plant be
comes less than for a floating OTEC plant
when the electrical power of the plants
exceed 800 Mwe. This is a direct result
of the economy of size associated with the
piping required for one 800 Mwe land sited
OTEC plant when compared to eight, 100 Mwe
floating OTEC plants.

7.
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ROEMMCr BURNER:

HIGH ASH

SOLID FUEL COMBUSTION SYSTEM
John L. Stafford, P.E.
Guaranty Performance Company, Inc.
Independence, Kansas

Many solid waste disposal problems have been lately recognized as
fuel sources. Few of these potential fuels are normally available
in a clean (low ash), dry state, and those that do demand premium
price. The ROEMMCr Burner system provides fuel preparation (dry
ing and size reduction) and combustion with dry ash separation (no
slag). Technologies developed for earlier solid combustion sys
tems are combined with inertial separation of solid-gas mixtures
and applied to the energy recovery from inexpensive solid residue.
Operational performance data are presented.
ALTERNATE FUELS FROM PROCESS WASTES

The fact of the activity in alternate
fuels search, during an economic reces

The histories of available energy sources
and waste disposal have converged.

sion period is evidence of the commitment

Al

recovering thermal energy from their

to reducing energy costs and fossil fuel
dependence. (1)

solid wastes, the motive has always been

The same utilization philosophy has

though several industries have long been

waste disposal, and any energy derived

crossed the previously understood bounds

was viewed as a byproduct of the waste

of industry to such examples as utility

disposal method.

Individual plants may

companies contracting for municipal

have realized a significant heating value

wastes and a textile mill purchasing for

from their solid wastes, many experienced

est residue for boiler fuel. (2)

negative returns.

these examples, an energy consumer in

Those that produce a

In

combustible solid waste are typified by

search of alternate fuel supplies has

the sugar and forest products industries.

allied with an organization with a solid

For years, these solid wastes have been

waste disposal problem for their mutual

incinerated in boiler furnaces yielding a

benefit.

net energy contribution usually, and if

now a valued byproduct" is now extended
to include energy.

not they were at least incinerated at a
small net cost in fossil fuels.

Com

"What was considered waste is

The industrial dehydration process re

panies within each of these industries

quires heat energy, usually supplied in

have set goals of obtaining minimum de

the form of heated convection gases to

pendence on external energy supplies.

evaporate and remove the moisture from

These goals are to be reached through

solid materials.

utilization of their own solid wastes.
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Industries requiring

size" particles can be formed into lump

the dehydration process fall into both
categories mentioned.

fuels such as pellets which are of higher

Those that produce

a combustible solid waste are to varying

density, are not spongy, can be handled

degrees typified by the manufactured

more nearly like a granular material

board industry.

(flow characteristic in bins) and embody

Historically, mountains

of waste material have been disposed.of

reasonable structural integrity.

by dumping.

fuels, quite dissimilar in physical

In the last few years, the

Waste

cleaner of these solid wastes have been

characteristics and range of moisture

used as fuel in the furnaces supplying-

content do not differ greatly from each

particleboard furnish dryers and plywood

other in proximate and ultimate analysis,

kilns.

all having a derivation in the vegetable

Sanderdust from the finishing

process of the manufactured board, too

family. (3)

fine to be reused in the board process,

fuel user is the slagging potential of

was immediately recognized as an energy

the ash.

source byproduct.

fraction of reported municipal refuse de

The ultimate analysis

of sanderdust illustrates why.

An area of concern to the

With the exception of the glass

rived fuels, the components have fusion

Already

dry, containing low non-combustible frac

values within the range commonly encoun

tion, and of small particle size, there

tered with most coals. (4)

was no preparation required.

not reveal possible shifting of eutectic

These data do

when the components are in various com

The energy shortage was not immediately

binations.

filled, as the industry observed as the
"mountains" of sanderdust disappear, and

Full suspension firing of solid fuels re

continued their search for additional

quires pulverization to minimize particle

fuel sources forced to move down the list

size.

of choice fuels.

three step process including drying, py

Sanderdust is analogous

Solid fuel combustion involves a

to hygrade ore; moving to lower grade

rolysis, and combustion.

fuels one encounters an increasing frac

temperature process best performed extern

tion of the two components that will not

ally.

burn:

then the sum of heating and burning times.

water and ash.

Industry studies

Drying is a low

Time for the combustion process is

were conducted to tradeoff the cost of

Rate of heating and of pyrolysis depends

their raw material as fuel against fossil

on temperature, particle size and ambient

fuel costs.

velocity.

Raw material and green ma

Since generally the pyrolysis

terial wastes were less attractive as

is rapid enough to keep up with the par

fuels because of high moisture content,

ticle heating process, no time lag is

and bark and trim contained larger non

considered between the heating and pyrol

combustible fraction.

ysis.

A fuel preparation

Heating time varies approximately

system was required to improve the utili

with square of the specimen dimension.(5)

ty of these fuels.

Ignition of solid pieces of refuse re
quires that certain conditions of temper

SOLID FUELS PREPARATION

ature and oxygen concentration be satis
The performance of any fuel burning sys

fied at the solid surface.

tem is materially enhanced if the fuels

pyrolysis may delay ignition even though

can be processed to make them reliably

the surface is hot, until the surface

predictable in regard to their physical

flux of volatiles drops to a value which

and chemical properties.

depends heavily on particle size.

Small "screen
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Rapid enough

Mass

transfer becomes more important as a rate

flew anyway.

limiting step as particle size increases;

illustrated in Fig. 1.

for a given set of conditions, there is

duced approximately tangent to the cylin

a critical particle size above which mass

drical burner wall, tending to produce a

transfer completely controls the rate.

spiralled path along this wall.

The minimum time required for combustion

tion air is introduced opposing this

is the burning time under conditions of

spiral path and reversing its direction.

The burner configuration is
The fuel is intro

Combus

completely mass-transfer controlled burn

Very high initial turbulence (mixing) and

ing.

high particle heating rate results.

Data on burning times for carbon

To

particles at a rate chemically controlled

maintain residence and completion of the

appear limited to particle size less than
.005 to .01 cm (.002 to .005 inches).

burning process, the solids after the
initial heating to ignition are kept run
ning along the cylinder.

SOLID FUELS BURNER

An exit dam or

orifice controls their escape from the
burner section.

The historical sequence of development of
solid waste furnaces for steam generator
application illustrates a trend toward a

Temperature of the combustion zones,

separate "fuel cell" approach controlling

measured by sensors extending into the

the solids combustion process and de

gas stream, is controlled by the combus

livering the combustion products to con

tion air flow regulated by motorized

ventional boiler tube sections.

dampers.

Pro

The demonstration unit shows

visions for ash separation were incor

two such temperature control combustion

porated into the grate design.

zones.

Burner

The apparent third such zone is

design by use of refractory walls can

pre-set for an approximately constant air

contribute an important amount of re

flow.

flected heat energy to accelerate the

nition region of the burner.

heating of solid fuel, and shield the

zone, temperatures are controlled to

burning process from radiant loss to

approximately 1400°F.

downstream cold surfaces.

ture is controlled to 1600°F. to 1900°F.

Studies and

Zone one is the pyrolysis and ig
In this

Zone two tempera

modifications of existing incinerator

depending on the ash fusion properties of

furnaces emphasize control of combustion

the fuel.

air quantity and distribution in order to

bustion products slightly due to the con

achieve more complete combustion. (6, 7,

stant air input.

Zone three quenches the com
Very little combustion

is required in the separator (cyclone).

8, 9)

Burn-out of sparkler carryover is accom
The ROEMMCr Burner combines two signi
ficant process controls.

plished and the dry ash residue is sepa

The non

rated from the hot gas flow.

combustible fraction is maintained dry,
BURNER ENERGY BALANCE

below the fusion temperature, by control
of the furnace temperature.

Dry ash is

Generally burners are capacity rated on

then separated from the hot gas stream

the basis of the higher heating value of

in an inertial separator (cyclone).

the fuel consumed.

As

This applies either

an energy source for the dehydration pro

to solid waste burners or fossil fuel

cess, no efficiency is lost because of

burners.

Of interest to the process user

quench air used in the furnace for con

is the energy that can be recovered from

trol, since the process requires the gas

the combustion products, and this is
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usually the sensible heat of the products

system energy transfers across a boundary,

less the various losses in his system.

including the burner and collector, are

The difference is accounted by water

those shown in Fig. 2.

latent heat loss.

The loss of energy

from the system gas stream is not substan

Since the burner con

sidered here and cyclone separator fur

tiated by calculatable loss from the ex

nace involve a considerable equipment

ternal surfaces.

Using a heat loss indi

surface exposure to heat loss, it was

cated by Fig. .3, for a 200°F. surface and

interesting to evaluate the ROEMMCr

10 MPH wind will account for approximate

Burner on the basis of actual delivered

ly ten percent of the indicated heat loss.

sensible heat of the products of com

Obviously an imbalance is demonstrated.

bustion.

The most likely explanation is a lack of
thermal equilibrium.

A burner demonstration on August 19, 1976

exit temperature history, Fig. 4, equili

yielded data allowing quantitative ther
mal analysis of the prototype unit.

brium was presumed indicated.

Pel

flow rates on a continuous basis.

age mass flowrate of 1700 pounds per

or more exit gas components were measured.

The burner

Means to accomplish these measurements

instrumentation included a pitot-tube
and thermocouple array.

Exit

gas composition, nor concentration of one

The ultimate analysis of the fuel

is presented in Table I.

No means

was available to monitor air and gas

letized bark fuel was burned at an aver
hour.

From the collector

are being planned and the data will pro

Simultaneous

vide both a verification of the composi

temperature and velocity pressure pro

tion computed in this analysis and of

files were taken to determine the mass

degree of thermal equilibrium in the

and enthalpy of the exhaust gas stream.

furnace.
Table I
PROCESS THERMAL CONTROLS
BARK PELLET FUEL ULTIMATE ANALYSIS
( % As Fired Weight)

Obviously because of the amount of dense
refractory in the burner and collector,

4.91
47.59
35.66
.20
.15
1.89
9.60

Hydrogen
Carbon
Oxygen
Sulphur
Nitrogen
Ash
Moisture

the transient response of the supplied
hot gases will lag the variations in load
imposed on the process. Processes re
quiring rapid response may be served by
this burner system through use of the

An iterative process allows simultaneous

gas mixing system shown in Fig. 5^.

solution for the composition of the

proportions of hot and cold (ambient)

burner exhaust gases and the quantity.

gases are controlled by the process.

The

Table II lists the array profile measure

temperature sensing controller in the

ments and result of the iterative solu

hot gas supply duct regulates the fuel

tion.

rate to the burner.

This flow of hot gases is mea

A

During turndown

sured at the exit of the elbow stack

transients, the excess hot gas produced

which does not represent a realistic part

will be vented while the burner throttles

of a process system.

to a lower equilibrium point.

The elbow stack was

Tempera

not insulated and there was a large heat

tures in the hot gas supply ducting will

loss indicated.

have increased slightly from the point

Using the elbow stack

exit data to establish flowrates and the

of junction with the vent to the hot gas

collector exit temperature, the burner
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Table II
ELBOW STACK EXHAUST DATA
Gas Stream Composition
Percent Oxygen:
Percent Nitrogen:
Percent Carbon Dioxide:
Percent Water Vapor:
Ambient Temperature:
Duct Cross Section Area (SqFt):
Measurements In Gas Stream:
MEASUREMENT
POINT
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Total Flowrate:
ACFM
LB/HR
Total Heat:
BTU/HR

13.4700
71.7600
10.5000
4.2700
70°F
5.84-

TEMPERATURE
(DEG. F)

VELOCITY
PRESSURE
(IN. WATER)

1260
1280
1270
1280
1290
1290
1300
1260
1300
1320
1300
1250
1290
1280
1260
1240

0.09
0.34
0.30
0.18
0.08
0.22
0.25
0.70
0.40
0.60
0.23
0.18
0.08
0.38
0.28
0.32

VELOCITY
FT/MIN

AVERAGE:

20,070
28,230
7,381,138

MASS FLUX
LB/HR/SQFT

HEAT FLUX
BTU/HR/SQFT

2,135
4,175
3,910
3,037
2,031
3,368
3,600
1,883
4,554
5,609
3,453
3,011
2,031
4,413
3,766
4,003

3,041
5,876
5,536
4,276
2,842
4,713
5,010
2,682
6,337
7,718
4,806
4,313
2,842
6,212
5,364
5,768

785,877
1,535,808
1,438,788
1,117,464
746,898
1,238,591
1,323,624
693,078
1,674,266
2,060,164
1,269,575
1,108,216
746,898
1,623,638
1,386,156
1,473,248

3,436

4,833

1,263,893

process controlled damper during the

under construction.

transition and then returned to essen-

study is just complete to combine the

tially the same temperature prof iles.

burner system with two energy user pro-

During a turn-up transient, the refractory assists the energy make -up until
equilibrium is reached, and a temporary

cesses:

A privately funded

Dehydration and Steam Generation.

The drying process at relatively low
temperature uses the exhaust gases from

lowering of the system temperature resuits. Combustion stability requires a

the steam generator to produce an overall

controller rate setting which will limit

separate systems.

system efficiency exceeding that of the

the rate-of-change of the fuel rate to
the burner.

Since the preparation of a solid fuel re

Therefore, the turn-up

quires moisture removal, the ROEMMCr

response will be limited by this delta
rate limit.

Burner-dryer application is ideal.

Turn-down response is

A

portion of the prepared fuel is then used

limited only by damper actuator speed.

in the preparation process.

Emergency shutdown of the process is

The prepara

tion of the fuel can be accomplished

rapidly accomplished.

local to the generation source even

BURNER APPLICATIONS

though the ultimate user is remote.
Descriptive evaluation of the ROEMMCR

The ROEMMCr Burner was developed to serve
a need for waste fuel energy supplying

fuel preparation system is the subject

the dehydration processes of industry.
This is the type of application currently

of a paper being presented before the
Forest Products Research Society in
621

Fig. 1
BURNER GENERAL ARRANGEMENT

Atlanta, Georgia November 15, 1976.
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=3.7 36x106BTU/HR

Fig. 3
HEAT LOSS TO 70°F SURROUNDS

Fig. 4
TEMPERATURE HISTORY:
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BARK FUEL
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COLLECTOR DISCHARGE

Fig. 5 OPPOSED DAMPER HEAT CONTROL
VENT
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HAZARDOUS WASTES AND ENERGY RECOVERY

Joseph Eigner and Mark M. Clark
Solid Waste Management Program
Missouri Department of Natural Resources
Jefferson City, Missouri

Abstract
An estimate of the energy potentially recoverable from waste oils, solvents,
and other hazardous wastes is presented, along with a discussion of some of the
technical, environmental, and Institutional barriers to energy recovery. A
suggestion is made that electric utility furnaces with their high temperature
and reliable operation might be used to safely destroy certain hazardous wastes.
Other hazardous wastes may have to be carefully excluded from planned refuse
derived fuel projects.

1.

facilitate use of hazardous waste from one com

INTRODUCTION

The hazardous wastes produced by our technical

pany as another's raw m a t e r i a l . ^

society present a special challenge:

studies are being made on the reclamation of toxic

shall we

(2)

At Rolla

continue to contaminate our land, water, and air

metals from industrial wastes.

resources or shall we pay what is necessary to

we examine the energy potential of hazardous

safely detoxify or dispose of such wastes?

wastes.

Re

In this report

We also discuss a possible spin-off bene

cently passed federal legislation and an antici

fit of the present interest in energy recovery

pated Missouri law will require "cradle to grave"

from municipal waste:

management of hazardous wastes.

systems for the efficient incineration of hazard

Such programs

the use of trash-to-energy

will be more expensive, because of added labor

ous wastes.

and disposal fees, than the dumping practices of

be Incidental to safe destruction of the waste.

the past.

Included in this increased expense will

2.

In this case energy recovery would

ENERGY POTENTIAL OF HAZARDOUS WASTES

be an energy factor, because on the average longer
2.1

hauls will be required to reach the specialized

WASTE OILS

disposal sites, and in some cases detoxification

Each year 2.6 billion gallons of lubricating oil

may be energy-intensive, e.g., incineration with

are used in the united States, which results in

natural gas used for start-up or maintenance of

the production of 1.1 billion gallons of waste
(3)
oil.
This waste oil, if it were all collected

a safe high burn temperature.

and burned would provide 0.167 quadrillion BTU of
As in the case of municipal trash, thought is now

energy.

being given to the resource potential of hazard
ous wastes.

In fact, a rather large portion, 43%, is

collected and burned, while a further 29% is

For example, in St. Louis an indus

collected and used for oiling roads to suppress

trial waste exchange has been established to

dust, for asphalt production, and for rerefining
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into lube oil.

The remaining 28% that is not

For every 10,000 gallons of used automotive oil

collected is disposed of by dumping on the ground,

burned, between 400 and 700 lb of lead oxides are

into trash, or into sewers and waterways (Table 1).

produced, 25 to 50% of which may remain in the

Much of this lost waste oil is believed to result

furnace as slag.

from discount store sales to car owners who change

the gas stream in the form of superfine dust par

their own oil.

Capturing this lost resource might

The remainder, however, enters

ticles (<10 microns), most of which are under 1
(4)
Such submicron particles are

be accomplished through waste oil legislation,

micron in size.

such as has been enacted in most European coun(4)
tries.

of concern because they are deposited deep within

TABLE

the respiratory tract.

1

scrubbers, or electrostatic precipitators.

WASTE OIL SURVEY, UNITED STATES , 1971 5

The emission of lead oxides has been recognized as

k

Use

Volume

%

(106 gal)

Energy Value

480

43.2

0.0720

Road Oil

200

18.0

0.0300

Sludge

TOTAL

8.1

90

Unknown

30

2.7

0.0045

27.9

0.0465

100

dard for lead has been established.

This is partly

due to the continuing scientific controversy over
the relationship of atmospheric lead to human
health.

0.0135

310
1,110

a problem for some time, yet no federal air stan-

(1015 BTU)

Burned

Rerefined

Their removal from reactor

gases requires high efficiency fabric filters,

Key issues include debate over the rela-

tive contribution of inhalation and ingestion of
lead in the human system, the relationship of
blood lead levels to health, the consequences of

0.1665

long-term exposure to low urban lead levels, and
(4)
the difficulty in establishing control groups.

: Based on 150,000 BTU/gal (no. 6 Fuel Oil).

Lead in used crankcase oil comes from lead added
Approximately two-thirds of U.S. waste oil comes

to gasoline.

from automobile and truck drainings and contains

automotive hydrocarbon emissions have resulted in

about 1% by weight lead and small amounts of

the introduction of lead-free gasoline.

other toxic metals as shown below.

is eventually eliminated from gasoline the hazards

TABLE

EPA regulations designed to reduce

When lead

of burning used crankcase oil will be greatly

2

diminished.

CRANKCASE OIL CONTAMINANTS, ST. LOUIS AREA, 19 706

Whether larger or smaller amounts of waste oil
Metal
Oxide

lb/104 gal

will be used for energy production in the future

kg/kkg oil

will depend on a number of factors.
Pb

650

8.98

P

189

2.61

Ca

120

1.66

Si

64

0.89

Ba

33

0.457

Fe

32

0.443

Zn

32

0.443

Cr

2.2

0.031

Cu

1.2

0.016

Sn

0.9

0.012

Ni

0.3

0.004

33.1

0.460

Others
TOTALS

1,158

Regulatory

activity could lead to better overall recovery,
while an increase in the price differential be
tween lubricating and heating oils would divert a
larger fraction of waste oil to rerefiners.

Short

ages and price increases would reduce the quanti
ties used in road oiling.

The influence of these

factors can be illustrated in the experience of a
waste oil rerefiner in St. Louis.

In 1972 he

converted from lube oil to fuel oil production
when action by our department banned the disposal
of hazardous wastes, including the sulfuric acid
sludge produced in rerefining, in ordinary land

16.00

626

fills.

At the same time fuel oil prices were

vents and energy value, which can be burned with

rising steeply, making the conversion attrac

out the need for supplementary fuel.

tive.^^

about 85% of such wastes are burned, but usually

Other factors, such as the cost of pol

At present,

lution abatement equipment for waste oil burners,

for disposal purposes rather than energy recovery,

an expected rise in the price of lubricating oil,

and the rest Is buried.

and federal action to eliminate discriminatory

cal reclamation still bottoms is given below:

The composition of typi

labeling for rerefined oil seem to favor more
(

TABLE

Q\

4

rerefining and less burning of waste oil.
COMPOSITION OF STILL BOTTOMS FROM
1.1

WASTE SOLVENTS
SOLVENT RECLAMATION FACILITIES9

In 1974 solvent reclamation plants in the United
minimum

average

maximum

States received 205,000 metric tons of dirty sol
vents as feedstock.

Pb, kg/kkg

0.1

1.11

3.7

Cr, kg/kkg

0.01

0.23

0.73

Zn, kg/kkg

0.01

0.25

Of this amount, 26% were

chlorinated or fluorinated solvents, 70% aro

0.99

matics, aliphatics, alcohols, ketones, esters,
% Volatiles (104°C)

14

% Trichloroethylene

3

65.4

99

26

50

65.2

90

etc., and 4% other fluids such as freons and oils.
Reclamation Industry feedstock is expected to
(9)
rise to 385,000 metric tons by 1983.
Sub

Flash Point, °C

40

stantial quantities of solvents, however, never
reach reclamation plants.

While the flash points of such wastes indicate

The paint industry,

minimal fire hazard, the wastes are potential en

which furnishes one-third of solvent reclaimers'

vironmental hazards because of their toxic metal

feedstock, sends almost twice as much waste sol
vent to landfills as it does to reclaimers.

content, and the presence of carcinogens and

As

chlorinated hydrocarbons such as trichloroethylene.

suming this ratio is typical of other solvent-

Disposal of still bottoms either by burning or

using industries, we can obtain the following

burial must be carried out with caution.

data for U.S. waste solvent production.

The ash

from Incinerated still bottoms has a significant
TABLE 3

metals content, as the following assay of the ash
from a relatively metals-free still bottom indi

WASTE SOLVENTS, UNITED STATES

cates .
1974

1977
103

1983

TABLE

Waste Solvents

597

835

1,120

Still Bottoms*

157

212

282

COMPOSITION OF AN ASH FROM SOLVENT
RECLAMATION STILL BOTTOMS9
Metal Oxide
TI

1015 BTU
Energy from
Still Bottoms**

*

**

Si
0.006

5

kkg

0.008

0.011

Assumes all U.S. waste solvents are sent
solvent reclaimers and still bottoms equal
25 to 26% of feedstock.
Assumes energy content of still bottoms is
150,000 BTU/gal, specific gravity is 1.0.

kg/kkg ash
(major)
150

Sr

20.0

Al

5.0

Fe, Mg

2.0 each

Ba

1. 0

Pb

0.30

Sb

0.20

Nl, Sn, Ca

0.05 each

As the table indicates, about 75% of dirty feed

Mo

0.04

stock is recovered as usable solvents.

Zn, Co, Mn

0.03 each

Cu, Cr

0.01 each

The re

mainder is a still bottom residue rich in sol
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2.3

such as free chlorine due to the lack of

OTHER HAZARDOUS WASTES

available hydrogen.

Very limited information is available on the en

Although these problems are not new to operators

ergy potential of other types of hazardous wastes.
Preliminary results from an EPA contractor
presented in Table 6.

of coal-fired power plants, the possibilities of

are

erosion, flame impingement, and condensation cor

This data may include some

rosion must be dealt with in any proposal to burn

oils and solvents already covered in Tables 1 and
3.

hazardous wastes.

The industries listed in Table 6 are believed

A study which compares opera

tional parameters for a chemical waste incinerator

to be those generating the largest quantities of

and a conventional coal-fired power plant, predicts

hazardous wastes with heat recovery potential.

that while the life expectancy of a coal-fired

The wastes include a wide variety of materials:

plant may well be 25 years, a chemical incinerator

sludges and solids from reaction vessels and

can only be expected to last 10 years.

mixing tanks, still bottoms, filter cakes, con

Concentra

tions of HC1 and free halogens (CI2 ) in the chemi

taminated products, as well as oils and solvents.

cal Incinerator were on the order of 100 to
TABLE

10,000 times greater than coal-fired plants.

6

A proposal which circumvents the need for special
HAZARDOUS COMBUSTIBLE WASTE PRODUCTION
ized chemical incinerators is presented in section
IN SELECTED INDUSTRIES
3 of this paper.
Industry

103
kkg

Organic Chem.

io3
BTU/lb

Energy Value
(10*5 BTU)

1,500

19

0.0628

Plastics

445

19

0.0186

Petrol. Refin.

110

6

0.0015

Drugs

65

19

0.0027

Tires

31

18

0.0012

Paints

14

11

0.0004

Ag. Chem.

13

19

0.0006

Fab. Rubber

14

18 '

0.0005

Misc. Chem.

32

14

0.0010

2

18

0.0001

2.4

POTENTIAL CONTRIBUTION OF HAZARDOUS WASTES
TO U.S. ENERGY ECONOMY

The energy potentials of the hazardous wastes pre
sented in Tables 1, 3, and 6 are summarized in
Table 7, which also includes estimates of current
U.S. energy consumption

(

12 )

ergy recoverable from all forms of organic
„
(13)
wastes.

TABLE
Ind. Inorg. Chem.

2,226

and the potential en

7

SUMMARY OF ENERGY POTENTIAL
OF U.S. HAZARDOUS WASTES

0.0894

Energy
The potential energy value of 0.09 quadrillion

1. U.S. Energy Consump
tion (1976)

BTU from the combustion of these materials needs

1015 BTU
83.4

%
100

2. Total Organic
Waste (1971)

9.3

11.1

3. Collectable Waste
(1971)

1.4

1.7

The formation of corrosive chemical

4. Waste Oil (1971)

0.165

0.198

slags made up of metal salts and oxides

5. Solvent Reclamation
Waste (1974)

0.006

0.007

6. Other Hazardous Industrial
Wastes

0.089

0.107

7. Total Hazardous Waste
(Sum of 4 - 6)

0.260

0.312

to be balanced against the costs involved in its
recovery, i.e., handling, transportation, proces
sing, and pollution control.

Among the operation

al problems encountered are:^3^
(1)

which can generate HC1 vapor at high
temperatures.
(2)

Production of HC1 vapor from the com
bustion of chlorinated organics.

(3)

Generation of strong oxidizing agents
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It is apparent that the nation's hazardous waste,

ical incinerators.

even if all of it could be collected and burned

safety margin above the performance of most exist

without serious technical or environmental prob

ing equipment.

lems, does not constitute a major energy resource.

Portage des Sioux, burns coal in a cyclone furnace

Moreover, almost half of the waste oil Is already
being converted to energy and waste oil represents

at about 1800°C. Recent EPA studies of pesticide
(14)
incineration
suggest that most types of pesti

two-thirds of the hazardous waste potential list

cide are safely destroyed (99.99% destruction) by

ed.

one second contact at 1100°C to 1200°C.

Nevertheless, the hazardous waste resource

The Labadie plant has a good

Another Union Electric plant,

is not insignificant, and in some local situations
TABLE

8

might replace a major portion of purchased energy.
In the next section of this paper we discuss the

POWER PLANT FURNACE TEMPERATURES

possibility of incinerating hazardous waste in a

AND RETENTION TIMES

utility furnace.

If this proves feasible energy

Plant

Temp.
°C

recovery and safe disposal of hazardous waste

~T

could be carried out together.
3.

Retention*
*
Time, Sec.

INCINERATION OF HAZARDOUS WASTES

i

Labadle
500 MW
(pulv. coal)

1288

1.35

1.60

1204

1.04

0.92

experienced a number of problems, operational and

Venice
43 MW
(No. 2 oil)

financial.

*

IN UTILITY FURNACES

Safety**
Margin C

110

80

Incinerators built in recent years for the ex
press purpose of hazardous waste destruction have

Serious corrosion, mechanical fail

ures, and inability to maintain safe operating
temperatures have been encountered.

Under

3

-4

/|> refers to a rising particle, J/ to a falling
particle.

** Derived from data in reference

14.

capitalization, inadequate markets, diseconomies
of small scale operations, and rising costs of

In addition to the excellent temperature and time

supplemental fuels are common experiences in this

properties and reliable operation of such furnaces,

field.

it can be assumed that any halogenated or other

Some of these difficulties might be

potentially corrosive waste could be fed at such

avoided if existing, conventional fossil-fuel
powered electric generating stations could be

a low rate that no serious corrosion problems

adapted to burn hazardous wastes.

would be expected.

Such power

plants, for the sake of efficient heat exchange

There are of course many obstacles to Implementa

and power production, operate reliably at very

tion of this proposal.

high temperatures.

utilities' reluctance to expose personnel and

Some data on two Union Elec

tric Company plants is presented in Table 8.
The figures calculated are conservative:

Among these are the

equipment to toxic or explosive wastes and the
possible need for expenditures for flue gas scrub

temper

bers and continual monitoring of stack gases.

atures were made at the tube walls where heat

An

exchange occurs, the falling particle was assumed

other unknown factor Is the effect of hazardous

to fall with full gravitational acceleration, and

waste firing on fly and bottom ash.

the rising particle with the velocity of the gas

toxic metals were to be Increased in these wastes,

stream.

their disposal might become a sizable problem.

The temperature of the fire ball at

Labadle is probably in excess of 1600°C.

If leachable

Relatively little research has been done on this

While

topic.

the Venice plant may appear marginal as a hazard

One study on a bottom ash derived from

ous waste incinerator, its time-temperature

incineration of a sewage treatment plant sludge

properties equal or exceed those of many chem

revealed that, although most chromium was fixed
in the ash in an inert form, significant quantities
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of chrome were water extractable (Table 9).
TABLE

cluded from resource recovery plants.
In this paper we began by examining the energy

9

potential of hazardous wastes and concluded by

COMPOSITION OF A SEWAGE SLUDGE ASH15
% water
soluble
% Inert*
kg/kkg ash
Metal

suggesting that energy recovery systems have the
potential to safely destroy hazardous wastes, with

Si°

385

—

—

energy recovery from the hazardous wastes a limit

CaP

294

10

2.8

ed, but additional value.

Al°

93

—

—

MgP

78

22

3.3

Fe°

68

28

—

Cr°

27.1

56

0.194

ZnP

22.1

46

0.027

CuP

7.6

42

0.016

PbP

3.0

31

—

(S)s

2.1

—

—

1.0

Ni°

0

4.
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THE ENVIRONMENTAL EFFECTS AND
ECONOMIC COSTS OF SOLID WASTE ENERGY RECOVERY
John P. Collins, Ph.D.
Environmental Officer
Atlantic Division
Naval Facilities Engineering Command
Norfolk, Virginia

Abstract
Environmental and economic impacts of solid waste energy recovery
systems are discussed. Emphasis is given to the Navy Salvage Fuel
Boiler facility in Norfolk, Virginia. Built in 1967, it is the
first waterwall steam generating facility to use solid waste as a
fuel in the United States. Nine years of operational data reflect
national trends in energy recovery costs and environmental prob
lems. Steam generation costs, environmental compliance costs and
facility environmental impacts are discussed.

1.

INTRODUCTION

Solid waste is one of the world's most
prolific, least costly energy sources.
Municipal solid waste as an energy
alternative offers a heat value one-half
that of coal, a cost structure independ
ent of natural resource market forces,
and the capability of continual regenera
tion.
Environmental effects and economic costs
of solid waste energy recovery are
addressed.

Emphasis is given to the

United States Navy energy recovery
facility in Norfolk, Virginia (Figure
1).

Built in 1967, it is the first

waterwall steam generating solid waste
incinerator in the United States.
The operation utilizes 140 tons

Figure 1.
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Norfolk Energy Recovery
Facility

STACK

Figure 2• FACILITY OPERATION

s

per day of mixed municipal refuse as a

air systems are provided.

fuel to produce 40,000 pounds/hour of

oil burner is used to maintain desired

200 psi steam at 390°F.

steam production levels when equipment

Facility operation (depicted in Figure

breakdowns prevent refuse charging.

2) is similar to that of a conventional

Operating efficiencies are 70 percent

solid waste incinerator.

An auxiliary

for refuse firing and 80 percent for

Refuse is

brought onto an enclosed tipping floor

oil.(1)

and discharged to a storage pit.

The plant was designed with two duplicate

The

pit has a two-day storage capacity.

A

180 ton/day waterwall furnaces.

3-1/2 ton overhead crane lifts the

Only

one furnace is in operation at any time.

refuse 20 feet to a water-cooled charging

Furnace walls consist of 2-1/2 inch

hopper.

diameter tubing on 3-1/4 inch centers

A backload of refuse is continu

ally maintained in the hopper to prevent

with headers on top and bottom connected

flashback fires and maintain air balance

to a steam drum.

integrity.

of the boiler is a two-drum single pass

Three stages of inclined

The convection section

reciprocating grates move the refuse

arrangement with 2-1/2 inch diameter

down through the combustion chamber.

tubing on 7 inch centers staggered in

Vertical dropoffs between each grate

adjacent rows.

section enhance the tumbling action of

tors are provided for air pollution

the refuse improving refuse distribution

control.

and combustion.

the furnace and drop into water-filled

Underfire and overfire
633

Electrostatic precipita

Noncombustibles pass through

ash pits.

A baffled conveyor system

Over the long term, energy recovery

removes ash for final disposal at a

systems decrease the environmental

sanitary landfill.

impacts of land disposal.

Generic and process specific facility

with decreasing volumes, the quality of

environmental impacts are discussed in

the waste stream is altered.

Part 2 of this paper.

production and associated methane migra

Part 3 contains

tion are minimized.

data on operation and maintenance costs

Concurrent
Gas

Leachate problems

of the Norfolk energy recovery system.

still exist but over a smaller area and

Conclusions regarding refuse energy,

thus of a smaller volume.

environmental effects, economic costs,

Energy recovery facilities have potential

and future trends are presented in Part
4.

waste drainage from vehicle tipping

2.

adverse water pollution impacts.

Oily

areas, refuse storage pit drainage,

ENVIRONMENTAL EFFECTS

"blowdown" from waterwall furnaces, and
Solid waste energy recovery systems have

ash pit rinse water are pollutant

associated environmental effects in the

sources.

areas of aesthetics, odors, noise, land

energy recovery facilities has a high

use, water pollution, air pollution, and

COD and substantial concentrations of

resource/energy conservation.

heavy metals.

Impacts on aesthetics, odors, noise and

Water pollutant sources require appropri

land use are best dealt with in the

ate treatment prior to discharge.

facility siting and design phases.

All

sources at the Norfolk plant are connected

Solid waste energy recovery is an indus
trial operation.

Ash water from solid waste

to a regional sewage treatment facility.

As such, siting loca

tion should be in areas of compatible

Air pollution is a major area of environ

land use to minimize public complaint.

mental concern for solid waste energy

The Norfolk facility is located in an

recovery facilities.

industrial area on the Norfolk Naval

control equipment is often required to

Station, one of the largest military

reduce emissions to acceptable limits.

industrial complexes in the world.

The Norfolk facility, when built in

The

Sophisticated

facility is designed so that all waste

1967, utilized cyclone separators and

transfer operations are enclosed.

was in compliance with all air emission

This

along with the compatible siting has

regulations.

minimized offensive external noise and

United States Clean Air Act of 1970 and

odors and presented a facility aestheti

the State of Virginia Air Pollution

cally appropriate for its surroundings.

Control Act, more stringent pollution
controls were required.

Energy recovery systems beneficially

With the advent of the

impact land use by decreasing sanitary

In 1976, construction was completed on

landfill requirements.

two electrostatic precipitators (shown

The Norfolk

facility decreases waste volumes and

in Figures 1 and 2).

corresponding landfill space by over

emissions are legally restricted to the

90%.

Particulate

.14 gr/scf (corrected to 12 percent C02)

Existing landfill site usage is

extended, reducing the need for future

limit applicable to existing pollution

landfill areas.

sources.
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The precipitators; however,

are designed to achieve the .08 gr/scf

refuse transfer distances by 80% substan

limitation for new sources.

tially reducing transportation energy

A problem has arisen in achieving the

demands.

strict emission limits even with the

Fossil fuel conservation and reduction

electrostatic precipitators.

Much of

in transportation energy are quantifiable

this stems from low refuse resistivity.

environmental benefits of solid waste

Refuse has a characteristic resistivity

energy recovery.

in the range of 10® ohm-cm as compared

also serve to promote metal recovery.

to 10

Metal separation prior to energy recovery

- 10

ohm-cm for coal.

'

1

This

lower resistivity, coupled with high

Energy recovery can

increases per pound refuse heat value

stack gas temperatures and incomplete

and results in a more homogeneous fuel.

combustion, has created compliance

Metal recovery is also philosophically

problems.

compatible with the environmental objec

Municipal solid waste has been referred

tives of resource recovery facilities.

to as the "urban ore" containing substan

Recoverable metallic resources account

tial percentages of metallic resources

for up to 7 - 1 0 % by weight of the waste

and a high energy value.

Energy recovery

stream.

is the primary area of environmental
benefit.

Municipal solid waste possesses

selective basis.

a heat value of 5,000 - 6,000 BTU/lb,
approximately one-half that of coal.

The Norfolk facility contains a

magnetic separator which is used on a
A small quantity of

waste metal is recovered and sold.
In

Unfortunately, market place instability

Norfolk the energy from 140 tons of

and the cost of metal extraction from

refuse is recovered each day.

the solid waste stream have limited

The

waterwall furnace operates at an efficien
cy of 70%, producing 40,000 lbs/hr of
200 psi saturated steam.

metallic recovery.
Future projections show tremendous

Refuse energy

increases in the use of the solid waste

provides ten percent of the total steam

"urban ore" as an energy/materials

demand at the world's largest Naval

resource.

base, conserving 2.5 million gallons of

In 1975, less than two percent

of available solid waste energy and less

fuel oil annually.

than one percent of available ferrous

Secondary energy benefits result from

metals were recovered.

the reduction in fossil fuels utilized

statistics are projected to be 24% for

by collection/ transfer vehicles.

energy and 19% for ferrous m e t a l . ^

Functional necessity dictates the loca

Recent Environmental Protection Agency

tion of solid waste energy recovery

guidelines on resource recovery at

facilities in areas of energy demand.

federal facilities call for processing

This often means location in downtown or
industrial zones.

"at least 65 percent by wet weight of

Such areas are normally

closer to waste generation sources than
sanitary landfill sites.

the input solid waste into recycled
material, fuel, or energy.

Lack of avail

These

guidelines emphasize that economics

able land will force future landfill

alone cannot be summarily used as justifi

sites even further from waste generation
sources.

In 1990, these

cation for not participating in resource

Use of the centralized Norfolk

recovery. Energy conservation, environ
mental impacts, and natural resource

energy recovery facility has reduced
635

conservation must be considered along
with economic costs.

Operation and maintenance costs have

As discussed in

risen 94% over this time frame.

the subsequent section, economic costs

This

has primarily been a result of increases

may alone provide justification for

in labor rates and maintenance costs.

energy recovery.

During the same period, the value of the

3.

steam produced rose 350% from $1.10 per

ECONOMIC COSTS

thousand pounds (1970) to $3.88 per
The Norfolk energy recovery facility was

thousand pounds (1976).

constructed in 1967 at a cost of $2.2
Since that time, an additional

The steam produced by refuse energy is

$2.0 million have been spent on facility

valued at the cost required to produce

million.

and environmental improvements.

steam at the oil fired power plant on

Over

$1.0 million was required for the two

the Naval Station, Norfolk.

electrostatic precipitators.

worldwide energy shortages have resulted

Another

Recent

$.8 million was spent on a shredder for

in increased fossil fuel prices and

large bulky wood objects and a magnetic

corresponding rises in the cost of steam

separator.

production from fossil fuel fired facili
ties.

The economics of solid waste energy
recovery have changed dramatically in
recent years.

Fuel oil prices rose 500% from

1970 to 1976.

Figure 3 displays fossil

fuel costs and net solid waste disposal

Production costs have

costs from 1970 to 1976.

risen but not nearly at the rate of

Disposal costs

include operation and maintenance costs

escalating energy values.

and the value of energy and materials

Table 1 contains operation and mainte

recovery.

nance costs for 1970 and 1976 at the

The Norfolk facility began showing a

Norfolk solid waste energy recovery

profit in 1974.

facility.

In 1976 the operation

netted a profit of $5.04/ton.
Table 1

Capital

costs are not included in these calcula
tions.

Operation and Maintenance Costs

Although capital investment is

omitted, it is jointly omitted from both
1970
Operations

1976

264,065

432,158

Preventive
maintenance

46,426

268,836

Residue disposal

27,573

32,173

Repairs

19,748

4,627

Fuel Oil

42,811

89,707

Electricity

31,600

49,523

Water

28,800

19,425

TOTAL

461,023

896,449

the calculations of refuse steam produc
tion and fossil fuel steam production.
4,

CONCLUSIONS

Solid waste is an energy source of
improving economic potential and accept
able environmental costs.
Adverse environmental impacts in the
areas of aesthetics, odors, noise, and
land use can be mitigated through proper
facility design and prudent siting.
Water pollution impacts can be dealt
with through proper treatment.

Air

pollution problems may be the most
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4

70

71

72
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74

75

76

YEAR
Figure 3.

Disposal Cost/Fuel Cost vs Year

difficult to handle requiring expensive

5■

sophisticated collection devices.
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Refuse energy systems create beneficial
environmental impacts by decreasing
landfill space demands, facilitating
materials recovery, and conserving
fossil fuel resources.
The substantial energy content of refuse
coupled with escalating fossil fuel
prices have made refuse energy an econom
ically feasible alternative.

REFERENCES

Future

economics are expected to continue in a
direction favorable to the use of solid
waste energy.

Fossil fuel costs will

continue upward reflecting natural
resource market forces and preparation
(production and transportation) costs.
Solid waste fuel prices will rise at a
lesser rate reflecting only preparation
(collection) costs.

The basic resource

cost of solid waste for the short term
will continue to stay constant at zero.
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JOHN DOE'S WALLET AND JANE DOE'S PURSE
LOOK AT HOMETOWN RECYCLING AND ENERGY CONSERVATION
Charles P. Tryon and Sharon S. Tryon
CURE, Incorporated
Rolla, Missouri

Abstract
A national shift from the use of virgin raw materials to greater use of recycled
raw materials could significantly reduce our nation's energy needs. Local
governments are slowly but increasingly establishing solid waste recycling pro
grams, but they are commonly operated as "add ons" to the existing solid waste
disposal system rather than being an integral part of it. The result is both
energy and monetary waste, and the taxpayers have to pick up the bill. A case
study from Rolla, Missouri, quantifies the energy conservation and monetary
costs and benefits of a coordinated solid waste disposal-recycling system.
1.

INTRODUCTION

ials. One of the most widely publicized examples
is aluminum, which takes only about 5 percent as
much energy to recover from salvaged materials as
from the ore. Manufacturing recycled paper re
quires only about 37 percent of the energy ex
penditure (2,520 Kwh per ton) needed to make
paper from raw wood (6,730 Kwh per ton).

Rather than dealing directly with the session
topic of "Energy from Solid Wastes," this paper
more properly deals with how to save energy by
recycling a selected portion of our solid waste
supply. "A penny saved is a penny earned," just
as much today as it was 200 years ago when an
enterprising gentlemen by the name of Ben Frank
lin coined that unforgettable phrase. Whether or
not he coined it before or after the lightning
bolt came down the kite string and lit him up
like a Christmas tree has been lost in the mists
of time, but he can't have been too far wrong for
his words to have lasted this long (thus ends the
Bicentennial portion of our paper).

We also hope that everyone here already knows
that manufacturing processes utilizing
sal.vaged waste materials often require less energy
investment in pollution control systems than do
processes utilizing virgin materials. We also hope
that everyone here also realizes that large sup
plies of many salvaged waste materials often exist
closer to the manufacturing and product market
areas than do the comparable virgin materials, thus
reducing energy expenditures on raw material and
finished product transportation.

We hope that everyone here already knows that
manufacturing many products from salvaged waste
materials often requires less energy expenditure
than equivalent products from virgin raw mater
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As significant as these recycling advantages may be
in relation to our national energy supply, they are
so remote and impersonal that few people are moti
vated by them to personally participate in the re
cycling process. For solid waste recycling to
assume a more significant role in the nation's
energy and resource conservation efforts, it must
personally touch those innermost sanctums of
American motivational response, John Doe's wallet
and Jane Doe's purse.
2.

RECYCLING DEFINED

Before proceeding, and to keep ourselves out of
trouble, we should define what we mean by recy
cling. It is our experience that at least three
perceptions of recycling prevail, both among the
general public and the more learned.
The first perception is typified by the Boy Scout
newspaper drive that everyone has participated in
at one time or another. While such drives do
indeed provide large quantities of some kinds of
solid waste materials to the recycling industry
on a national basis, they lack the day-to-day
dependability, long-term continuity, and large
tonnage capability to significantly impact any
local solid waste disposal program. Neither are
they very energy efficient, because they invari
ably involve extra trucks using extra gasoline to
drive extra miles collecting the materials and
delivering them to the point of sale.

conception, design, construction, and operation
around the country, it would be unfair to say
that they are the mainstay of the industry, or
that they will be in the near future. It is
questionable whether they will ever be the main
stay of the paper recycling industry because of
the immense technical difficulties involved in
mechanically separating various paper grades.
Somewhere in between these two extremes is the
neighborhood or hometown recycling center, an
institution that has both waxed and waned in
recent years. Most often manned by spare-time
volunteers, they usually have a fixed location
where materials are delivered, concentrated, and
given varying degrees of purification before
being sent either directly to the point of remanufacture or to a larger concentration and
purification facility. Although they have pro
vided an impressive tonnage of salvaged waste
material to the recycling industry on a national
basis, their impact on local solid waste disposal
problems has almost invariably been small. Per
haps their greatest contribution has been to dem
onstrate that a significant portion of the Ameri
can public is very receptive to the idea of recy
cling if given the chance. As for their energy
efficiency, most would rank quite low.
Oddly enough, the least well perceived image of
recycling is the industry as it actually does
exist. It is an industry with many different,
non-mysterious levels of material collection,
separation, purification, and concentration be
tween the solid waste discarder and the finished
product manufacturer. It uses solid waste rather
than virgin raw materials not out of patriotism or
concern for energy or ecology, but to make a pro
fit. Still dominated by private enterprise, it is
an industry being increasingly entered at its
lower levels by various governmental and non
profit groups, albeit at a snail's pace.

At the other end of the scale, there are those
who envision recycling as the classical "black
box" where every conceivable form of mixed solid
waste goes in one end, something mystical and
marvelous happens inside, and something "good"
pops out the other end. The best example we've
seen was a magazine cartoon of some years ago
which showed a packer truck emptying its contents
into a large building with "Recycling Plant"
boldly painted on the side. In the foreground,
an executive-type was pointing out the factory to
a group of sightseers and saying, "And what's
more, it makes 20,000 gallons per day of the best
darn soda pop you ever tasted." Although recy
cling "black boxes" are in various states of

When we speak of recycling to you today, we will
be referring to city or county owned operations
which conform relatively closely to the existing
collection, separation, purification, and concen
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tration portions of the industry. Above all, we
will be talking about unsubsidized operations
that at least break even financially when all
costs and monetary income, benefits, and savings

of what your critics may say. Many seemingly in- I
significant costs can be financially disastrous 1
when added together. On the other hand, many
small individual incomes can often be your only
profit when they are added together.

are considered.
3. THE PROBLEM

One of these small but potentially real sources of
local government recycling income is an energy
saving in the form of reduced packer truck gaso
line use. Its magnitude is not enormous, but its
existence can be very real, a fact not to be
ignored by consciencious local governments drawing
their operating capital from a taxpaying constitu-i
ency whose political fuse is of a finite length.

In our experience, such operations are extremely
rare in the local governmental sector. Most
governmentally owned recycling operations known tc
us are rather heavily subsidized, either by tax
monies or by financial accounting methods which
hide or ignore many costs and carrying charges.
That's not necessarily bad, but it's often less
than what is realistically attainable with pro
perly inspired and directed effort. John Doe's
wallet and Jane Doe's purse — the ultimate
sources of all governmental funds -- deserve to
get back just as much as they shell out whenever
possible. Just because tax subsidization of gov
ernmental operations is common doesn't mean that

4.

CASE STUDY

To illustrate our point, we would like to go
through a case,study of the solid waste disposal
recycling situation here in Rolla, Missouri, where
you now sit, and where you are contributing to the
local solid waste load every day that you are
here.

it's invariably necessary.

Almost five years ago, CURE, Incorporated -- a lo
cal, volunteer, non-profit, environmental organiza
tion -- went into the recycling business here in
Rolla. It started just as most other local recy
cling groups did in the early 1970's , receiving
materials brought to it by concerned individuals
and businesses, sorting and processing the mater
ials entirely by volunteer hand labor, storing
them in an abandoned, rent-free building, and sell
ing relatively low value materials on a fairly
local basis. Today, however, and in marked con
trast to most similar operations elsewhere, CURE,
Inc., is.a relatively mechanized, relatively low
manpower operation which sells relatively high
value materials throughout the Midwest.

Most local governments throughout the nation have
at least thought or talked about the possibility
of solid waste recycling. With some significant
exceptions, most have dismissed it as being too
expensive in comparison to more conventional solid
waste disposal methods such as landfilling. Of
ten that conclusion has undoubtedly been correct.
In other instances, however, that conclusion has
probably been false for one or more of the follow
ing most common reasons:
(1)

Costs have been overestimated because
inefficient operations were proposed for
analysis;
(2) Potential income has been underestimated
because inferior grade materials were
proposed for sale;
(3) Potential income has been underestimated
because only the most obvious forms were
considered, and equally as real but more
hidden forms were left out.

Within the next two years, CURE'S operation will be
replaced by a city owned operation which is fully
capable of breaking even financially without sub
sidization. Although the city's operation will be
different from CURE'S in a number of ways, it is
possible to use CURE'S records and experience to
estimate what the city's energy usage will be.

As most of you know, particularly those of you in
the private enterprise sector, most businesses
operate on a fairly small profit margin, in spite
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sent gasoline powered forklift, at least for the
first several years. CURE records indicate that
the forklift uses about half a gallon of gas per
ton of paper processed. Anticipating that the
city's operation will recycle about eleven tons
of paper per week, that's another 286 gallons of
gas usage per year. The grand total gasoline
usage, then, is estimated to be about 811 gallons
per year.

As part of the city's recycling operation, a pick
up truck packer unit will make a five-days-perweek collection of corrugated cardboard, metal
cans, and large lots of specialty paper grades
from selected commercial areas which have a high
concentration of these items. As they presently
occur, the cardboard and cans are high bulk,
extremely low density items that fill dumpsters to
volumetric capacity very quickly, and the City
Sanitation Department's packer trucks have to
empty them every day. By collecting the cardboarc
and cans with a smaller truck each day, the dump
sters will fill much less rapidly, and packer true
service can be cut back from the present five day;
per week to only three without creating a hardshif
on the merchants involved. Besides lightening thi
workload on the Sanitation Department, the packer
truck gasoline usage can be reduced by a surpris
ingly impressive figure.

The recycling operation will also use significant
amounts of electricity, mostly for paper baling
and lighting. CURE is presently using just under
5,000 Kwh per year. Considering the mechanical
and tonnage differences between the two opera
tions, we estimate that the city may use as much
as 10,000 Kwh per year at its operation.
Converting 10,000 Kwh of electricity into gallons
of gas is fairly simple. One gallon of gas con
tains about 108,000 BTU's. However, electrical
generating plants are only about 33 percent effi
cient, so one gallon of gas burned in a power
plant would only yield about 35,640 BTU's in
actual practice (if power plants burned gasoline).

In our case study, we will compare this packer
truck gasoline saving to the entire energy usage
of the city's recycling operation. We'll estimat
the recycling operation's usage first. Our
common unit of measurement will be gallons of gas
per year.

It takes 3,412 BTU's to generate one Kwh of elec
tricity, so one Kwh is the equivalent of about
0.096 (3,412/35,640) gallon of gas. Thus, the
city's 10,000 Kwh of electrical use is the equiva
lent of about 960 gallons of gas per year. Total
gasoline usage for the entire city recycling oper
ation, then, is 811 gallons of direct usage plus
960 gallons of equivalent usage, or 1,771 gallons
per year.

By measuring distances on a detailed city map, we
know that the recycling truck will drive 31 miles
per week, or 1,600 miles per year, on the commer
cial cardboard and metal can routes where packer
truck collection frequency can be reduced. In
addition, we estimate that the recycling truck
will average another 10 miles per week, or 520
miles per year, on other local runs. It will als
drive another 450 miles per year between Rolla
and St. Louis. The annual total is 2,600 miles
per year. At an estimated eight miles per gallon
that's 325 gallons of gas per year.

Next, we need to calculate how much gas can be
saved by cutting back the packer truck collection
frequency from five days per week to three in
those selected commercial areas. The Sanitation
Department men who gas up and drive the packer
trucks indicate that they get only about 1.7
miles per gallon.

The recycling operation will also require the use
of a front-end loader periodically to crush and
load metal cans and glass. The city's present
loader uses about four gallons of gas per hour.
Fifty hours of work at the recycling operation
will use another 200 gallons of gas per year.

By avoiding the selected commercial areas two
days per week, the packer trucks will save 5‘2
miles of in-town driving per week, or 286 miles
per year. In addition, there's no doubt that two ,
packer truck trips per week to the landfill can

The recycling operation will be using CURE'S pre
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also be eliminated by the proposed commercial
cardboard and metal can recycling scheme and by
other route adjustments related to recycling (they
presently make 42 trips per week). By the time
the city gets into the recycling business, the
round-trip distance between Sanitation Department
headquarters and the landfill will be 15.6 miles.
Two less trips per week at 15.6 miles per trip
makes 1,622 fewer miles of driving per year. Add
ing this to the 286 miles of in-town driving
avoided, the total mileage reduction is about
1,908 miles per year. At 1.7 miles per gallon,
that's a gas saving of 1,122 gallons per year.
Comparing the packer truck gas saving to the re
cycling operation's energy usage, we see that the
proposed recycling truck-packer truck coordination
plan would reduce the city's gasoline usage by 311
(1,122 - 811) gallons per year, but would increase
its total energy usage by the equivalent of 649
(1,771 - 1,122) gallons of gas per year. Thus,
the city's recycling operation will cause a small
net increase in energy demand.
What's the effect on John Doe's wallet and Jane
Doe's purse? For that, we have to express energy
in terms of dollars rather than gallons of gas.
Using present gasoline costs (45.9<t per gallon)
and electric rates (first 1,000 Kwh @ 4.43<t, next
,9,000 Kwh @ 3.20(f), the total energy bill for the
recycling operation will be about $705 per year.
On the other hand, the packer truck gas saving
will amount to $515 per year. Thus, the city will
have to spent $190 more per year on energy after
it starts recycling than it does at present with
out recycling. This $190 will not have to come
out of John Doe's wallet or Jane Doe's purse, how
ever, because it is well within the recycling
operation's break-even budget.
At this point, we need to consider the possibility
that the city government will not go to the trou
ble to coordinate the new recycling operation with
the existing solid waste disposal system, that it
will regard recycling as an "add-on" rather than
a partial substitution for the old way of doing
things. Our experience in Missouri indicates that
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this is the common municipal practice. Packer
truck routes and collection schedules tend to get
almost irrevocably institutionalized over time,
and it's often easier for part-time elected offi
cials who frequently come and go to let the city
departments slide along in the same old way rather
than break with tradition and change, even though
the change may be to the taxpayer's and voter's
benefit.
If the two programs can be coordinated as proposed
in Rolla, the net energy cost to John and Jane Doe
for the recycling operation will be about $190 per
year ($705 spent - $515 saved). If the two are
not coordinated as proposed, and recycling is
treated as an "add-on," the net energy cost to
John and Jane Doe will be $705 per year. Whether
or not this amount is within the recycling opera
tion's break-even budget is very close to argumen
tative. Even if it is, we don't think many of
Rolla's elected officials would be willing to go
on the radio before election time and tell the
voters they had a chance to save the taxpayers
$515 last year, but they didn't because it was
too much trouble.
Actually, the real picture is a little rosier than
the one we've painted. Because of the local soils
and geology, the area around Rolla is an extremely
difficult one in which to find landfill sites with
a minimal degree of groundwater pollution hazard.
Present, and presumably future, policy is to use
the many small, abandoned, relatively seepageproof clay pits to the northeast of town. Because
the nearest ones are being used first, the packer
truck driving distance will steadily increase with
time. Thus, the energy advantage of recycling in
Rolla will also increase over time.
Recycling in Rolla will also present other poten
tial energy saving opportunities, but their imple
mentation will be difficult. CURE presently recy
cles about 4 percent of Rolla's total solid waste
load (plus half again as much from outside the
city), and a reasonable goal for the city to
achieve is about 8 percent over several years time,
It's possible to visualize that packer truck rout

pation in the recycling process are in various
stages of development, it seems clear that their
widespread application is many years away. We
suggest that appealing directly to John and Jane's
personal pocketbooks will be a far more success
ful motivational approach than flooding them with
abstract national energy crisis idealism.

ing and collection frequency might be further
adjusted beyond what has already been proposed to
take advantage of this reduction in the solid waste
load, but that's still in the realm of speculation,
and even more distant from political reality.
We have purposely ignored several aspects of the
solid waste recycling - energy conservation rela
tionship in order to keep our topic under control.
The initial plan in Rolla is to rely on people'to
bring their own recyclable household wastes to the
city's recycling facility, and they will use an
estimated 3,900 gallons of gas per year doing so
(3,600 resident and non-resident families driving
an extra half mile every other week at 12 miles
per gallon of gas). On the other hand, the
national energy saving from recycling 11 tons of
paper per week alone could be as much as 230,000
gallons of gas per year (11 tons per week x 52
weeks per year x (6,730 Kwh per ton - 2,520 Kwh
per ton) x 0.096 gallon of gas per Kwh), although
the actual saving would undoubtedly be much less
because a lot of recycled paper goes into products
for which raw wood is not a substitute (blown
building insulation is a good example). Simultan
eous collection of recyclable materials and nonrecyclable waste by multi-compartment packer
trucks represents an energy efficient way of do
ing both jobs in the future, but the concept and
machinery are still in their infancy. The future
is full of unknowns, and the difference between a
prediction and a guess is often unclear.

Many communities nation-wide have considered local
governmentally operated recycling programs, and a
few have actually put them into operation. Com
monly, however, they are considered as "add ons"
to the existing solid waste disposal program ra
ther than an integral part of it. Thus, oppor
tunities to make both energy and monetary savings
by coordinating the two are often ignored. John
and Jane Doe ultimately pick up the bill for
governmental waste.
The single biggest obstacle to overcome in insti
tuting a coordinated local government solid waste
disposal-recycling program is the human and gov
ernmental tendency to slide along with business
as usual rather than "rocking the bureaucratic
boat" and changing institutionally entrenched
habits.
6. BIOGRAPHIES
Charles P. Tryon, a native of Indiana, received
his BS and MS Degrees in Forest Management from
Purdue University, and has additional academic
training in hydrology from the Universities of
Minnesota and Missouri (Rolla). Employed as a
hydrologist by the United States Forest Service,
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trol, conservation education, and solid waste
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5. SUMMARY
Manufacturing many products from salvaged waste
materials rather than virgin materials requires
significantly smaller amounts of energy expendi
ture, and a national shift to greater use of
recycled materials could make a significant saving
in our nation's energy needs. Unfortunately, this
fact alone is so remote and impersonal that the
average John and Jane Doe are seldom motivated by
it to personally participate in the recycling pro

lications.
Sharon S. Tryon, also a native of Indiana,
received her BS Degree in Special Education from
Indiana State University. Formerly a teacher of
the mentally retarded in Indiana and Michigan, she

cess .
Although recycling "black boxes" that circumvent
the need for John and Jane Doe's personal partici
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is presently employed by the Missouri Division of
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solid waste recycling activities with CURE, Incor
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appointive service as Chairman of the Rolla Hous
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MODULAR
INCINERATOR ENERGY RECOVERY SYSTEMS
THE SILOAM SPRINGS EXPERIENCE

Jim Pearson
Professor of Engineering
John Brown University
Siloam Springs, Arkansas

Abstract
The City of Siloam Springs, Arkansas has installed and is operating an 18 ton
per day solid waste disposal facility with associated energy recovery equipment.
The solid waste system serves a population of 8000 and provides steam for a
local food processing plant. Natural gas amounting to 1 MCF per ton is used
for auxiliary fuel. Energy recovery capacity is 90000 pounds of steam per day
at 100 to 150 PSIG.
1.

of $371,000 was underwritten with sanitation

INTRODUCTION

Solid waste is a resource for America!

department revenue bonds.

Our

funds were involved!

nation must dispose of'2000 pounds per person in

even financial operation of this facility.

Cities with disposal problems of 500 tons

Small

communities, throughout the nation, with solid

per day and more have initiated numerous studies

waste problems should consider modular incinera

related to energy recovery from solid waste.

tor-energy recovery systems.

Most of these projects anticipate multi-million
dollar price tags.

Collection and steam income

have, to this date, provided for nearly a break

1977 with each pound containing 5000 BTU.of ener
gy.

No state or federal

The first such

experience in America, at Siloam Springs,

Municipal officials of small

Arkansas, has proven the feasibility of such a

communities certainly would not see any hope for

system.

their communities in these plans, so the open

2.

dump is most often the disposal solution for

SYSTEM ANALYSIS

Smalltown, USA.

Previous to the year 1974, Siloam Springs operated

Siloam Springs, a community in Northwest

an open dump.

Arkansas, installed in 1975 and has operated

was unacceptable to the residents of the area and

since October, 1975, a state and EPA approved

the Arkansas Department of Pollution Control and

solid waste disposal facility with associated

Ecology finally cited the City in September of

energy recovery equipment.

1974.

This cooperative

The burning which often took place

At that time the city carried on curbside

effort between the municipality and a local food

pickup of cans twice weekly for $2 per month per

processing facility, converts energy contained

living unit.

The waste load was approximately 12
The population was approximately

in the refuse to steam for a canning operation

tons per day.

using controlled air, modular incinerators with

6000 persons.

attached heat exchangers.

The geology of Northwest, Arkansas consists of

The system serves

Siloam Springs and the nearby town of Gentry--a
total population of 8000.

A capital investment

fractured limestone formations.
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The difficulty

of preparing trenches in this type of rock, the

Three steam using industries of the community were

inadequate supply of cover dirt, and leachate

queried with regard to their interest in this

problems in the fractures make approved landfill

source of energy and the possibility of a cooper

operations difficult and expensive.

ative effort to bring it to reality.

Siloam

Allen

Springs had to find an approved and financially

Canning Company, a privately owned, Arkansas

viable method of disposal as well as improve upon

Corporation was interested.

the collection system.

quirement for 1974 was analyzed.

Waste stream analysis indicated the waste compo

erations are seasonal, a steam-use profile was

sition and analysis shown in Tables 1 and 2.

Allen's steam re
Since their op

developed to determine the average of Allen's

The

waste density is approximately 8 pounds per cubic

minimum daily consumption for those days during

foot.

which steam was used.

This analysis indicated a

design objective of 10,000 pounds of steam per
TABLE 1
AVERAGE PHYSICAL COMPOSITION
OF INCOMING RAW WASTE
PERCENTAGE BY WEIGHT (1)
COMBUSTIBLES - TOTAL
Food waste
Garden waste
Paper products
Plastics, rubber, leather
Textiles
Wood

hour for an 8 to 16 hour day.
3.

SYSTEM DESIGN

The decision was made to study the feasibility of

74.5

11.0

developing a disposal facility using incineration

3.7
48.4
10.5
.5
.4

and incorporating heat recovery.

Consumat Systems

of Richmond, Virginia, was marketing such a com
bination to some Arkansas commercial operations.
These units were based upon controlled air,

NON-COMBUSTIBLES - TOTAL
Metals
Glass, ceramics
Ash, dirt, rocks

25.5

modular incinerators which had previously been

13.2
12.1

approved by the Arkansas Department of Pollution

.2

TOTAL

Control and Ecology for some Arkansas municipal
applications.

100.0

A tentative design was developed

using two 9 ton per day incinerators with attached

TABLE 2
PROXIMATE AND ULTIMATE ANALYSIS OF
INCOMING RAW WASTE AND HEAT CONTENT
PERCENTAGE BY WEIGHT (1)

heat recovery equipment capable of supplying steam
at 9000 pounds per hour over a 10 hour day.
Economic feasibility looked good if collection

COMPOSITION OF TOTAL SAMPLE "AS RECEIVED"
Moisture
20.8
Total dry matter
79.2
TOTAL SAMPLE
IT5I570
COMPOSITION OF DRY PORTION
Non-combustib1e
Combustible
TOTAL
ANALYSIS OF COMBUSTIBLE PORTION
Carbon
~
Chloride total
Hydrogen
Nitrogen
Oxygen
Sulfur
Ash
HEAT CONTENT - BTU/LB
Dried combustible portion
"As received" waste

rates could be raised to $3 per month for twice
weekly pickup; and if Gentry, a town of 1000 north
of Siloam Springs, could be brought in to the
operation; and if a minimum annual steam income of

36.97
63.03
100.00

$20,000 could be generated.
Curbside pickup of bagged refuse was also proposed
to make the collection operation more efficient.

47.30
0.76
7.12
0.53
35.54
0.10
5.51

The bags would have to be provided by the
customer.
The critical path programming approach was applied
to the planning for the completion of the project.
The project was accepted as being feasible by the

8720
4353

Siloam Springs City Council in October of 1974.

647

4.

cubic foot.

EQUIPMENT

TABLE 3
CONSUMAT C-550 SPECIFICATIONS

In 1975, 160 incinerator units were operating in
America.

Most of these were in the East and most

were large.
day.

Charging Rate
Incineration Temperature
Lower Chamber
Upper Chamber
Stack
Auxiliary Fuel

Only 41 were less than 200 tons per

They operated on the excess air principle,

used scrubbers or precipitators and produced 0.3
to 1.35 grains particulate emission.

Clearly

unacceptable!
4.1

2000 Ibs/hour
1600-1800° F.
2400° Refractory
2800° Refractory
2-4 Foot Sections
Natural Gas or #2
Fuel Oil

4.2 ENERGY RECOVERY UNIT

INCINERATOR

The controlled-air incinerator unit built by

The energy recovery unit involves a directional

Consumat Systems is a patented configuration

control apparatus for directing the hot flue gases

consisting of a horizontal cylindrical-shaped

received from the incinerator after-burner, either

distillation chamber in which the waste is

directly to the atmosphere through the main stack

volatilized by partial oxidation, an upper chamber

or through an auxiliary stack where the heat ex

in which the gases generated in the distillation

changer is located.

chamber are fully combusted, and an air inductor

of the flue gases is controlled by aerodynamic

assembly to lower the stack exit temperatures.

valving rather than by mechanical hot valving.

No auxiliary pollution control devices are re

blower is used to induce a pressure differential

quired.

which directs the flue gases.

The charge in the distillation chamber

The direction of the flow
A

In the event of

is ignited by primary burners; a small amount of

power failure or the need to turn off the blower,

under-fire air is supplied, under pressure, to

all flue gases will go up the main stack.

the distillation chamber.

heat exchanger is completely protected.

An after-burner is

The

provided in the upper chamber to preheat the

The boiler is of the fin-tube design and is

chamber and to sustain required temperatures.

physically much smaller than most waste-heat,

Additional air is forced into the upper chamber,

boilers.

Conversion efficiency approaches 70

where it is thoroughly mixed with the hot gases

percent.

The specifications of this unit are

emanating from the distillation chamber, to com

shown in Table 4.

plete the combustion process.

the boiler efficiency at the Siloam Springs plant.

See Figure 1.

Burners are automatically programmed by

The energy recovery unit is also shown in Figure

adjustable temperature controls, one each in the
lower and upper chamber.

Table 5 gives an analysis of

1.

They are dual fuel
TABLE 4
ENERGY RECOVERY SPECIFICATIONS

burners capable of burning natural gas or #2 fuel
oil.

Steam Production
Efficiency
Heat Exchangers

The Consumat incinerator is designed to interface
with an automatic loader which utilizes the ram

Pressure

principle, and to be started and programmed
automatically by the loading device.

Distance from boiler to Allen's Steam
Grid System -- 400 ft.

The specifications of this unit are shown in
Table 3. At Siloam Springs, the auxiliary fuel
consumption has been 1 MCF per ton over the past
six months, the weight reduction is 67 percent
and the volume reduction is 95 percent.

The

residue density is approximately 46 pounds per

5000 lbs/hour
701
Five Banks of Fin
Tubes
100-150 PSIG
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beginning at 6 AM.

TABLE 5
BOILER EFFICIENCY ANALYSIS - SILOAM SPRINGS (1)

completes the incineration process.

The ash is

removed from the units the next morning at 5 AM

Waste Burned ........
16,696 Pounds
Heat Potential 4353 BTU/lb
"As Received"...
72.7
Million BTU
Auxiliary Gas Consumed .
3,610 Cu.Ft.
Heat Potential
970 BTU/Cu.Ft....
3.5
Million BTU
TOTAL HEATINGPOTENTIAL

A timed bum-down period

using a rake on the bucket of the skid loader.
The loader is then used to load the ash into a
truck which hauls it to a landfill.

When proper

time has been given to bum-down the ash will be
sterile and will require only a weekly 6 inch

76.2 Million BTU

dirt cover at the landfill.

Feed Water Inlet Temperature 50°F
100 PSIG Steam Temperature
338 F
Energy to Raise 50°F
to 338°F
291 BTU/lb.
Energy to Produce Steam
338°F
881 BTU/lb.

5.3 MAINTENANCE
Maintenance of the installation has generally been
good.

The equipment designs are quite simple,

therefore, maintenance, requirements are minimal.

TOTAL ENERGY
REQUIREMENT

Some difficulty was encountered with upper chamber

1,172 BTU/lb.

Energy Requirement for
47,425 Pounds of Steam

thermocouple units, but this seems to be corrected
now.

55.5 Million BTU

Theoretical Boiler Efficiency

The hydraulic ram loading units and a steam

meter have caused some problems.

72.8%

Most down time,

however, has been the result of not initially
4.3 STACK EMISSIONS

providing for a back-up skid loader.

Stack emissions are less than 0.1 grains per

City has purchased a second loader to alleviate

standard cubic foot at 12 percent C02, there is

this situation.

Loader drivers tend to be care

less and this certainly showed up in the

no noticeable odor and smoke is at Ringleman 0.
5.

Recently the

maintenance on the first loader.

SYSTEM OPERATION

The loader

drivers were also careless when unloading ash from
5.1 SYSTEM STARTUP

the incinerator units and damaged the building

Incineration operations were begun in July of

attachments rather severely.

1975.

tion has been placed under more rigid control.

The energy recovery equipment was attached

and made operational in October of 1975.

The present opera

The improvement has been evident.

This

was just one year from the time the City Council

6. FINANCIAL ANALYSIS

determined to implement this system.
6.1 CAPITAL INVESTMENT
5.2 DAILY OPERATION
The Siloam Springs facility was financed by
Siloam Springs leases three packer trucks to a

Sanitation Department revenue bonds.

private contractor who collects residential,

issue was in the amount of $450,000 with a 16 year

commercial and industrial waste in Siloam Springs

maturity at an interest rate of 5.89%.

and Gentry.

sale was held February 4, 1975.

This waste plus special hauls by

The bond
The bond

The capital in

some industries and by another private hauler

vestment is itemized in Table 5 and includes some

are dumped on the tipping floor of a 60 by 70

department expenditure in addition to the $450,000

foot metal building.

bond money.

The present loading is

approximately 18 tons per day.

A skid loader

moves the refuse into the ram loading units.
Figure 2 is a diagram of the disposal-energy
recovery facility.
Charging is carried on over a 10 hour period
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TABLE 6
MONTHLY INCOME - EXPENSE

TABLE 5
CAPITAL INVESTMENT
Building, road, fence,
utilities
Incinerators and
loaders (2)

146.000

Energy recovery units (2)

107.000 ^

Commercial containers

20,000

Vehicles (Packer truck,
loader)

26,000

Trench burner for bulky
combustibles

19,000

Interest (first year)
and fees
Contingency

MONTHLY INCOME
Collection
Disposal Charges
Steam sale
TOTAL

$118,000
$371,000

$14,177
70
800
$15,047

MONTHLY EXPENSE
Collection contract
Plant operation and
maintenance contract
Rolling stock maintenance
and insurance
Utilities
Overtime
Plant improvements
Billing
Ash removal
Debt retirement
TOTAL

21,000
14,000
$471,000

$ 7,089
3,909
557
709
300
630
45
250
2,700
$16,189

Using the $371,000 plus an investment of $14,000

The total monthly expense for operation and

in two skid loaders gives a total capital

maintenance of the disposal-energy recovery

investment of $385,000 for 18 tons per day

facility is $9,100.

disposal capacity--$21,389 per ton.

approximately 414 tons.

Straight

Monthly disposal has been
Disposal cost is there

line depreciation using 20 years for the building,

fore ($9,100/414 tons) $21.98/ton.

etc.; 15 years for the incinerator-energy re

includes debt service.

This figure

covery equipment; and 5 years for the skid
loaders yields $25,567 per year.

Steam sale during this period has been only about

The average

40 percent of what was expected.

annual payment to retire the $450,000 bond issue

account for this.

is about $40,000.

Two factors

First, the steam meter has not

been operating accurately and may account for 20
6.2 SOLID WASTE SYSTEM INCOME VS. EXPENSE

percent of the lost revenue.

The present monthly income-expense picture for

has experienced an unusual amount of down time

Second, Allen's

the Siloam Springs solid waste system is shown

during this period.

in Table 6. These are averages for the first

minimum steam purchase of $1,667 per month.

Allen's contracted for a

nine months of 1976.

of-year adjustment on this contract will help to

End-

balance income and expenses.
An energy contract with Allen's establishes the
monthly price of steam.
the price of natural gas.

This price is tied to
For gas at $1.00 per

MCF, steam is $1.21 per 1000 pounds.
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7.

8.

CONCLUSIONS

If this system were compared to a direct fired

REFERENCES
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EPA, Office of Solid Waste Management,
Evaluation of Small Modular Incinerators
in Municipal Plants, EPA Contract
68-01-3171, Ross Hoffman, Associates, 1976.
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J.K. Fisback, U.S. Patent No. 3844233,
Directional Control of Hot Gases from an
Incinerator or the Like, Assigned to
Consumat Systems, Inc. Richmond, Virginia,
October 29, 1974.

boiler operating at 70 percent efficiency,
approximately 1400 cubic feet of natural gas
could be conserved for every 1000 pounds of steam
produced.

To say this another way, the natural

gas conservation possible with the Siloam Springs,
refuse fueled, heat recovery system would supply
the human need fuel to approximately 200 homes
annually.
This system provides two particular advantages to
the cooperating steam user:
(1) Steam at less cost.
(2) An alternate fuel in a time of potential
curtailment of natural gas to industry.
The Public Service Commission in Arkansas has
placed these plants in the human need category
with respect to natural gas curtailment.

BIOGRAPHY
The Siloam Springs experience has shown that the
modular incinerator-energy recovery system is a

Jim Pearson is a professor and Chairman of the

viable solution for the solid waste problems of

Division of Engineering at John Brown University

smaller communities. In larger communities,
multiple units in one plant or plants in

in Siloam Springs, Arkansas.

different sectors of the community, each with a

a result of being chairman of the sanitation

cooperating industry could be the solution.

committee of the Siloam Springs City Council.

Dr. Pearson's

interest in solid waste management came about as

A

SO ton per day plant is now operating in

Pearson received the BEE degree from the

Blytheville, Arkansas.

University of Minnesota in 19S6, an MS in

is Textron Inc.

The cooperating industry

Dr.

mathematics in 1962 and a Ph.D. in control

An 80 ton per day plant' is now

under construction in North Little Rock, Arkansas.

systems in 1972 from the University of Arkansas.

The cooperating industry there is the Koppers
Company.

He has worked for the IBM Corporation and the 3M
Company as well as doing consulting work in
systems engineering.

The Siloam Springs plant has also been used in a
successful railroad tie burning experiment car
ried out in cooperation with the Koppers Company
and to bum on one occasion over 6 tons of
confiscated marijuana.
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FIGURE 1
CONSUMAT INCINERATOR - ENERGY RECOVERY SYSTEM (1,2)
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FIGURE 2
DISPOSAL - ENERGY RECOVERY FACILITY (1)
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RESOURCE RECOVERY FROM SOLID WASTE
THE STORY OF
UNION ELECTRIC'S
SOLID WASTE UTILIZATION SYSTEM
David L. Klumb, Manager
Paul R. Brendel, Assistant Manager
Solid Waste Utilization System
Union Electric Company
St. Louis, Missouri

Abstract
This paper covers the design and development of a comprehensive re
source recovery system capable of serving the solid waste disposal
needs of the Greater St. Louis area comprising 11,500km2 (4500 sq.
mi.). This 7.2xl05kg (8000 ton) per day operation will convert
solid waste into milled fuel for cofiring with pulverized coal in
utility boilers, and will recover magnetic and non-magnetic metals,
all in an environmentally acceptable manner. Scheduled for opera
tion in 1979, the system will be built and operated as a private
enterprise venture of Union Colliery Company, a subsidiary of Union
Electric Company.
1.

2.

INTRODUCTION

Studies of existing methods of solid waste
disposal in the St. Louis area (landfilling
and incineration) indicate that by 1980
there will be insufficient sites for envi
ronmentally acceptable landfills in the
area, which will cause problems of serious
proportions, affecting the 2,500,000 resi
dents of St. Louis and.the adjoining seven
counties in Missouri and Illinois.
As the result of the successful operation
of a full scale prototype "Refuse to
Energy" system, built and operated as a
joint venture of Union Electric, the City
of St. Louis, and the United States Envi
ronmental Protection Agency, Union Electric
Company announced on February 28, 1974
that it would build and operate a private
enterprise Solid Waste Utilization System
to process 7.2xl0®kg (8000 tons) per day
of residential, commercial and industrial
waste in the 11,500km2 (4500 square mile)
St. Louis Metropolitan area.
This paper describes this pioneering
achievement and covers principal engineer
ing and environmental matters embodied in
its design and development.
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GENERAL DESCRIPTION

The Solid Waste Utilization System (SWUS)
will serve the City of St. Louis and seven
contiguous counties, namely St. Louis, St.^
Charles, Franklin and Jefferson in Missouri
and St. Clair, Madison and Monroe in
Illinois. This region has a population of
some 2,500,000 and contains over 150
governmental units. Solid Waste operations
are handled by some 150 public and private
organizations who haul to incinerators,
landfills and roadside and promiscuous
dumps. Presently, it is estimated that
7.2xl0°kg (8000 tons) per day of residen
tial, commercial and industrial solid
waste is generated. The projection for
1980 is 9xl06kg (10 000 tons) per day.
The St. Louis region is well served by
major highways and railroads. The high
ways and arterial roads radiate from the
central city and encircle the metropolitan
area. The railroad lines radiate from the
core of the city like spokes of a wheel.
This ground transportation network pro-^
vides for efficient local truck collection
of solid waste and for expeditious mass
rail transport of the material to a
processing site.

Union Electric Company and its utility
subsidiaries is investor owned and fran
chised to serve the strategic center of
America, a 52 000km2 (24 000 mi.2) area
in Missouri, Illinois and Iowa along the
Mississippi and Missouri rivers. Generat
ing capability of the system is approxi
mately 6,000MW, with 90 % of the electri
city produced at pulverized coal fired
power plants. Of singular importance to
SWUS due to site location and size is the
2400MW Labadie Plant some 65km (40 mi.)
west of St. Louis. This plant burns about
900xl03kg (1000 tons) of coal per hour.

Figure 1 "Solid Waste Utilization System"
depicts the system diagrammatically.
2.1

The point of receipt of solid waste by the
SWUS will be at any of four truck-to-rail
transfer terminals, three located in the
St. Louis area and one in St. Clair County,
Illinois. All of the terminals are located
on interstate highways and/or arterial
roads. Truck traffic to and from any such
terminal is less than the average vehicle
volume to typical industrial sites as
determined in extensive surveys by the
Urban Land Institute. Hence, the transfer
terminals will not significantly affect
traffic patterns where they are located.

The combination of favorable geographical
factors, road and railroad adequacy, plus
the operational and site advantages of
Labadie Plant gave rise to a concept of a
SWUS wherein a number of truck to rail
transfer terminals will be conveniently
located in the metropolitan area to
minimize travel distance by the solid
waste haulers. At the terminals, the un
processed material will be compacted into
steel shipping containers which will be
loaded onto railroad cars and hauled by
Unit train to a processing facility
located on the Labadie Plant site, where
preparation of shredded refuse derived
fuel (RDF) and separation and processing
of recovered metals will be accomplished.
The RDF will be air conveyed to Labadie
plant where it will be cofired with
pulverized coal in the plant's four 600MW
steam generators.

Each transfer terminal will be designed
and built to handle 1.4xl05kg (1500 tons)
per day. The design permits future ex
pansion to 1.8xl05kg (2000 tons) per day
as patronage increases. Residential,
commercial, selected industrial and
demolition wastes will be accepted.
Acceptable materials include tires,
appliances and size reduced trees and
trimmings. Wastes classified as hazardous
by governmental agencies as well as those
determined by SWUS to be detrimental to
its operation will be excluded. Only
licensed waste haulers and municipalities
operating their own fleets will be served.
The terminals will be open to receive
waste between the hours of 6:30 A.M. and
8:30 P.M. Monday through Saturday. Daily
cleanup of the terminal building and
grounds will be performed after the even
ing closing hours.

The SWUS is composed of three major
operational divisions:
(1)

Collection and Transport

(2)

Processing

(3)

Boiler Fuel

Design, construction and operation will
be by Union Colliery Company, a wholly
owned subsidiary of Union Electric Company.
No funds for SWUS financing or operation
will come from Union Electric's customers.
All financing will be by private investor
capital with no use of Government funds or
subsidies.
Revenue to support SWUS financing and
operating costs will be derived from:
(1)

Trash hauler unloading fees
at transfer terminals

(2)

Sale of RDF to Union Electric
as a boiler fuel

(3)

Sale of recovered metals

COLLECTION AND TRANSPORT

Incoming trucks will be weighed upon
entering the transfer terminal site for
billing purposes (Figure 2). After
weighing, the trucks will proceed into the
enclosed terminal building where they will
unload into the compactor charging pits or
onto the floor. Sufficient space is pro
vided for a number of the largest trucks,
including 58m3 (75 yd.3) transfer trailer
trucks, to unload simultaneously. When
empty, the trucks will leave the building
and- site by a separate exit road to mini
mize traffic congestion on site.
Front end loaders will move the waste
from the tipping floor to the stationary
compactor charging pits. The four compac
tors each having a capacity of 8m3 (10
yd.3) per stroke, will load the waste into
69m3 (90 yd.3) containers. These contain
ers are similar in design to conventional
58m3 (75 yd.3) end loading solid waste
transfer trailers. With a tare weight
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of 9xl03kg (10 tons), the containers will
each carry a net payload of 27xl03kg to
32xl03kg (30 to 35 tons). The containers,
built to ISO and AAR standards for ship
board use, are 12m (40 ft.) long and are
equipped with internal ejection blades
operable by external stationary power rams,
and have externally power operated guillo
tine loading doors. The containers are
set on movable steel frames which lock
them to the compactors during the loading
operation. Load cells in the frames will
stop the compactors when the containers
are loaded to a predetermined payload.
Conventional diesel powered container
handling vehicles will handle the empty
containers from the railroad cars to the
compactors and vice versa. Two containers
will be placed on each 27m (89 ft.)
"Trailer Train" type flatcar. For short
term storage the containers can be stacked
two high when full and three high when
empty. Normally, 36 to 50 containers will
be loaded on 18 to 25 rail cars per trans
fer terminal per day.
Labadie Plant, where the "West" Processing
facility will be built, is served by the
Missouri Pacific and Chicago, Rock Island
and Pacific Railroads. One unit train,
consisting of 36 to 50 rail cars will
serve two transfer terminals, and will be
operated by the Missouri Pacific and a
similar train serving the other two
terminals will be operated by the Rock
Island. 24 hour turnaround of the rolling
stock is anticipated. Colliery will pur
chase and own 450 containers and 200 flat
cars which will be dedicated to this
service.
2.2

PROCESSING

The "West" processing plant is designed to
provide a nominal processing capability
of 6.5xl0®kg (7200 tons)/day, six days/
week. Ultimate capability will be
8.7xl0°kg (9600 tons)/day, seven days/week.
Expansion of processing facilities will be
performed at another Union Electric coal
fired power plant when system conditions
warrant. The processing plant will be
manned and operated 24 hours per day, 7
days per week.

a hydraulically powered ram will enter
the opposite end of the container forcing
the push plate ahead of it, causing the
solid waste to be discharged through the
open end into the processing line. Since
two ejection stations serve each line,
there is no delay created by handling the
full and empty containers, as the stations
operate alternately. When empty, the
containers are closed and the vehicles
replace them on the railroad cars which
are made up into a unit train which will
be returned to the transfer terminals.
The solid waste is discharged from the
containers onto a heavy duty steel panned
horizontal variable speed receiving con
veyor. This conveyor moves the waste
onto an inclined panned infeed conveyor
which feeds the primary shredder. This
shredder is a reversible horizontal shaft
unit which reduces the waste to a nominal
15cm (6 inch) size. Powered by a 1500kW
(2000 HP) induction motor at a speed of
900 rpm the machine has a capacity of
90xl03kg (100 tons)/h. The milled waste
leaves the shredder via a pan type dis
charge conveyor, following which it moves
on a rubber belt to a magnet for removal
of magnetic metals.
The coarse milled waste, less magnetic
metals is conveyed to the second stage
shredder which is similar in design to
the primary unit, but produces a nomi
nal 2cm (3/4 inch) product size. The
discharge of the second stage shredder
is conveyed to the Air Density Separator
surge bin for feeding dual 45xl03kg (50
tons) or 425m3 (15 000 ft.3)/h. upflow
separators. The burnable fraction (lights)
will be pneumatically conveyed to live
bottom surge bins. The unburnable fraction
(heavies) will be belt conveyed to a
process which will condition this product
for non-magnetic metal recovery.
Each processing line (including the two
shredders and associated conveyors) will
be served by a dust collector system to
prevent processing dusts from leaving the
system and creating an environmental
hazard. Likewise, the Air Density Separa
tors and Surge Bins will also have dust
collectors.
The processing plant design allows for
processing 6.4xl0®kg (7200 tons)/day with
three of the four lines in continuous
service. This allows one entire line
to be out of service for maintenance, and
is an important feature since solid waste
processing equipment requires regular
intensive maintenance.

Upon arrival of the unit trains at the
processing plant, a Colliery owned switch
ing locomotive will move groups of six
loaded cars to the transporter roadway
area, where container handling vehicles
identical to those at the transfer termi
nals will transport the containers to
stationary ejection stations, two of which
are located at the head end of each of the
four processing lines. When a container
has been set in place, stationary equip
ment will open its guillotine doors and
656

The plant will be operated from a central
control room and areas of the plant con
taining operating processing lines will
normally be unattended.
2.3

3.

METALS RECOVERY

Magnetic metals removed from the waste
stream will be delivered to Vulcan Materi
als Co. for detinning.
Products from the
magnetic metals recovery plant, to be
built on the processing plant site will
be tin, tin dross, tin mud and high grade
steel scrap.

BOILER FUEL

Labadie Power Plant is equipped with 4 600MW Combustion Engineering tangentially
fired, pulverized coal units. Each boiler
has six pulverizers and twenty-four coal
nozzles. Four solid waste nozzles will
be installed, one per corner, above the
topmost coal nozzles in each boiler.

A contract with a non magnetic metals pro
cessor is being finalized for recovery on
site of aluminum, brass and copper from the
metal rich heavies from the Air Density
Separators.

RDF produced by the processing plant is
routed to four live bottom surge bins,
one for each boiler. These bins, located
in the yard west of the processing plant
each have four discharge conveyors in
stalled in trenches beneath the bin floors
which are filled with RDF by the bin
sweep system. The discharge conveyors
meter the fuel into rotary airlock feeders
which in turn place the fuel into the
boiler charging pneumatic conveying
systems supplied by positive displacement
clean air handling blowers. Each of the
four systems per bin (or per boiler) is
independent of the other. Any combina
tion of the systems can be used.

4.

TECHNICAL CONSIDERATIONS

During operation of the St. Louis demon
stration prototype, over 650 samples of
milled RDF were analyzed by an indepen
dent testing laboratory. Average of
these analyses are compared with current
analyses for coal burned at Labadie:

It is characteristic of RDF to be abrasive
due to presence of residual ground glass
and rock in addition to the native
abrasiveness of the paper in the stream.
To avoid excessive wear problems, the
piping will be installed with elbows
with replaceable wear backs at all
changes of direction. Ceramic lined
fiberglass pipe is planned for the straight
runs. At 18 to 22kg/m (12 to 15 lb./ft.)
this pipe is much easier to support than
carbon steel and has proven under actual
RDF usage in the prototype to have excel
lent wear resistant properties.
Each boiler's RDF system can provide up
to 20% of the boiler's full load heat
input requirements. With four units in
normal service, SWUS processing capacity
can be utilized at firing rates of 10%
full load heat input per boiler. Thus,
redundant boiler capacity is available
to cover power plant outages and load
reductions.

RDF
(As Fired)

LABADIE COAL
(As Received)

Moisture %

26.9

12.1

Ash %

19.2

10.4

Chlorine %

0.33

1.0

Sulfur %

0.14

3.0

11400
4902

25500
10970

Heating Value
kj/kg
(BTU/lb.)

Since the RDF analyses tabulated were for
residential waste only, we anticipate an
increase in heating value with the addi
tion of commercial and industrial wastes
which are largely paper and plastics.
It
is also evident that RDF is a low chlorine
and a low sulfur fuel compared to coal.
Potential boiler corrosive effects of solid
waste burning require careful attention.
During operation of the prototype, test
sections of tubing were installed in the
waterwalls, economizer, superheater and
reheater of one of the test boilers.
Subsequently, these specimens were removed
and analyzed by three separate laboratories.
All concurred that deposits from the
specimens have physical and chemical
characteristics similar to dry coal ash.
These findings are encouraging, however
they are based on limited exposure to
solid waste burning, and much additional
in depth corrosion studies are required
to validate the preliminary results.

Ash residue from RDF firing will be
collected by the power plant's electro
static flyash precipitators and in the
bottom ash hoppers of the steam genera
tors. The plant's hydraulic ash disposal
systems, now being renovated for better
operational capability, flexibility and
reliability will be adequate to convey
the additional amounts of RDF ash together
with the coal ash to the existing ash
disposal ponds on the plant site.
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7.

Similar corrosion test specimens will be
installed in at least two of the four
Labadie boilers for ongoing evaluations
as SWUS begins full scale operations.
Careful review of coal and RDF analyses
and diligent monitoring of sources of RDF
(especially commercial and industrial)
will be required to preclude boiler
damage.
5.

Name: Paul R. Brendel
Title: Assistant Manager, Solid Waste
Utilization System
Education: B.S. in Electrical Engineering,
Washington University, St. Louis,
Mo., 1945.
Professional: Manufacturing Methods,
Engineer, White-Rodgers Electric
Co., St. Louis, 1946-1948.

ENVIRONMENTAL EFFECTS

Employed by Union Electric Co. in
1948, and was assigned as a staff
engineer at 500MW Venice Power
Plant. Remained at Venice Plant
in a number of varied engineering
responsibilities, culminating in
position of Superintendent of
Plant Engineering, until 1968.
Transferred to new 2400MW Labadie
Plant as Assistant General Super
intendent. Remained in this
position through startup and ini
tial operation of all four units
at Labadie.

Careful evaluation of SWUS environmental
effects has been underway since inception
of the prototype. Boiler emission tests
conducted independently by the USEPA and
Union Electric in late 1973 disclosed no
serious emission problems. Further such
tests run by both parties in 1975 verified
the earlier results.
When the full scale system becomes
operative, emission tests will be run on
the Labadie precipitators to determine
their performance with particulates from
cofiring of coal and RDF. Results from
these tests will determine the need for
corrective action, if required.

In March 1974 was assigned as
Assistant Manager of Union
Electric's Solid Waste Utilization
System.

The quality of ash pond water will be
closely monitored and all results will be
shared with the State of Missouri Depart
ment of Natural Resources.
If treatment
is required, appropriate measures will
be undertaken.

Name: David L. Klumb
Title: Manager, Solid Waste Utilization
System
Education: B.S. in Mechanical Engineering,
Syracuse University, 1953
Professional: Joined Union Electric in
1953 and after two years in U.S.
Army was assigned to Engineering
and Construction Department.
Involved in "engineering design and
economic evaluation of electric
generating facilities".

SWUS does not contribute to aesthetic
degradation of the countryside and there
are no leachates to contaminate ground
water. Many landfills and dumps place
these burdens on the environment.
6.

BIOGRAPHIES

CONCLUSION

Although currently SWUS development has
been suspended due to problems in locating
a site for the fourth transfer terminal,
it is hoped that resolution of this
problem should shortly provide our
management with the basis for a decision
to proceed with the project.

In 1969 was assigned as project
engineer responsible for St. LouisUnion Electric-USEPA Solid Waste
Prototype program. In March 1974
was given responsibility of
designing and building 8,000 ton
per day Solid Waste Utilization
System.

SWUS is designed to provide an environ
mentally sound economic system to utilize
the resources in the solid waste stream.
It will significantly reduce the air,
water and aesthetic degradation of the
environment which is characteristic of
landfills. It will help conserve irre
placeable fossil fuels and metals. These
benefits will be secured within the frame
work of the free enterprise system.

658

Solid W aste U tilization System

659

AGRONOMIC POTENTIAL FOR BIOMASS PRODUCTION

C.
J. Nelson
Department of Agronomy
University of Missouri
Columbia, Missouri 65201
Abstract
Plant biomass may be an economic means of harvesting and storing
solar energy. present day agricultural practices, however, do
not allow maximum biomass production in the primary sense, or as
crop residue. Biomass production is closely related to photo
synthetic potential of single leaves in a complete canopy. New
developments in crop selection and culture may allow more efficient
canopies and photosynthetic rates. Genetic improvement in vege
tative growth as well as grain or economic product would increase
production potential for both fuel crops and crop residues. Long
range agronomic considerations on soil structure and land use would
also need to be considered.
1.

INTRODUCTION

Plant matter that consists of 90-95%

production when biomass is the primary

organic compounds has been used for biol

objective.

ogical production of methane (10).

use of crop residues, is the subject of

In

That possibility, along with

this paper.

this manner plant biomass is utilized as
an energy storage form and then converted

2.

CHARACTERIZATION OF CROP PLANTS

to a utilizable form such as methane (31).

Since man's evolvement from a nomadic

At present, the main economic sources of

harvester to an activator in a society

plant matter are from crop residues and

dependent on crop culture, plant agricul

from by-products of agricultural and

ture has been of importance.

forestry enterprises.

Economic assess

This change

in emphasis was predicated by man's

ment of this process of energy generation

requirement for food.

Traditionally

from crop residues has been marginally

throughout history, food and fiber have

favorable (9).

been the predominant purpose for growing

Alternative to crop resi

dues is the concept of "fuel crops", or

crops.

crops grown specifically for bioconver

crop plants from simple selection by our

Thus, genetic improvements in

sion to methane or other suitable energy

ancestors to sophisticated techniques of

forms.

modern-day plant breeders have been for

Unfortunately, there is little

agronomic data to give good estimates of

food purposes.
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Cultural changes in

history have also been oriented toward

solar radiation into a product of utility.

improved food and fiber production and

This means that attention needs to be dir

quality.

ected toward an understanding of the photo
synthetic process in terms of light inter

Today there is a renewed interest in bio

ception and utilization and in the distri

mass production, but since few crop plants

bution of the energy fixed into a form

are managed for total production, cropping

that is utilizable and harvestable.

systems have some serious limitations.
Present-day varieties of crop species

Intensive agriculture is practiced on a

have been heavily influenced by factors

very limited scale with reference to the

unrelated to primary production potential.

total land mass of the earth.

Intensive

Food, feed, and fiber preferences and

agriculture would be defined as a system

secondary constraints such as pests, ease
of culture, and need for diversity in

where limitations such as water, fertili
zer, weeds, insects, diseases, and plant

operations have established priorities

density are not limiting productivity.

which frequently override biological effi

It is readily apparent that it is not

ciency.

economically feasible to control all of

These limitations are obvious in

these factors, but if they could, solar

corn where normal plant populations of
16-20,000 plants/acre are planted in rows

radiation, temperature (heat) , and CC>2

for maximum grain production, in contrast

would be the subsequent limiting factors

to much higher populations planted in

to crop growth.

solid stands to achieve optimum biomass

Three major mechanisms occur among plants

production (19).

Further, modern corn

for photosynthetic CO 2 fixation (37). Few

hybrids have been selected for short sta

crop plants fix CO,, via the crassulacean

ture and reduced vegetative growth (21) so

acid metabolism system which is least effi

that more of the dry weight above ground

cient.

is located in the grain.

Wheat and other

Most warm-season crop plants like

corn, sugar cane, and sorghum use the

small grains have had the same trend

mechanism of C02 capture and pumping to

because of the desired increased grain

the fixation site.

yield and lodging (falling over) resis

efficient in terms of light use.

tance of shorter plants.

synthetically, these plants do not become

Even forage species, where the entire

light saturated even at full sun (Figure

Photo-

1), and fix CO, at maximum rates of 40-60
2
2
leaf area/hour (17). In con

topgrowth is harvested, have suffered in
biological efficiency.

This system is most

mg C02/dm

Genetic and cul

tural selection have emphasized forage

trast,

quality which often correlates poorly

diffusion of C02 to the active site,

with high quantity.

reach light saturation at about 50% of

Further, due to

plants which rely largely on

economic characters, crops are often

full sun, and have maximum fixation rates

grown outside of their natural area of

of 20-30 mg CC>2/dm /leaf area/hour.

adaptation, another factor that lowers

sentative species include wheat, tall

potential biomass productivity.

fescue, orchardgrass, alfalfa, soybeans

3.

2

and cotton.

POTENTIAL PRODUCTIVITY

A major factor in the

reduced efficiency of

Agricultural systems are really photo

Repre

is the process

of photorespiration which "drains off"

synthetic systems, and hence can be

about 50% of the potential fixation of

assessed by their ability to convert
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and concluded that the theoretical maxi2
mum crop growth rate would be 77 g/m /day

species (24,37,38).

with 500 cal/cm

2

day of radiation.

This

corresponded to an efficiency of 12% for
conversion of total radiation.

This

value is well above the 1-3% normally
achieved in crop agriculture (21).
4.

ACTUAL PRODUCTIVITY

The constraints of genetic selection and
culture for specific purposes mentioned
above do not allow agricultural crops to
achieve their biomass potential.

For

example, in Missouri crop performance
tests (22) grain yield of adapted corn
hybrids grown at several locations aver

Figure 1. photosynthetic responses of
crop plants to radiation intensity (23).

aged about 105 bushels/acre for 3 years
across several locations without irriga

Zelitch (37) compared agricultural produc

tion.

tivity of above ground biomass and found
that Cj species were generally less than

mass (15) this calculates to an average
2
growth rate of 9.2 g/m day for the grow

50% as productive as C4 when each was
grown in its area of adaptation.
ous trees are almost all

Decidu

ing period.

photosynthetic

9

tions.

leaf area/hour.

__________
C^ species

Dry Wgt
(lbs/A)
________

2

This corresponded to 14.4 g/dm /

day which is well below the theoretical
2
maximum of 77 g/dm /day. Williams,

Table 1. Average growth rate of several
crop species. Data are 1969 U.S.D.A.
agricultural statistics as cited by
Zelitch (37).
Crop

With irrigation, yield was

154 bushels/acre for 3 years at two loca-

types (Figure 1) and have rates of 6-12
mg C02/dm

Assuming the grain is equal to

about 45% of the total above ground bio

Loomis, and Lepley (36) attempted to
determine reasons for the difference
between theoretical and actual producti

Growing
Growth
season
rate
(weeks) g/m2/day

vity.

Corn plants were grown at Davis,

California, with adequate water, fertili
zer, and weed control.

Corn
S ilage
Sorghum
Silage
Sugarcane
(cane)

7,080

17

6.7

6,480

17

6.1

16,200

36

7.1

altered over a broad range from below the
16-20,000 plants/acre commonly used, up
to 283,000 plants/acre.

They found that

crop growth rate was a direct function of
the proportion of solar energy intercepted,

species
580
Spinach
Tobacco
(Leaf & stem)3,140
Hay
3,600
(general)

Plant density was

5

1.9

14

3.6

and reached 52 g/m /day for the highest
population.

Inability to harvest a high

proportion of radiation for a long period
20

2.9

of time was considered the largest limi
tation.

Tanner and Peterson (34) have

Loomis and Williams (18) estimated canopy

reported that 26 to 44% of the radiation

photosynthetic potential of corn (a C4 )

incipient on a corn crop is transmitted

species), corrected it for respiration,

(wasted) with 16,000 plants/acre depending
662

on the row width.

corn is not grown

receive low radiation.

These plants would

commercially at high densities because

be poor producers of large amounts of

it does not form an ear (21).

biomass.

Leaf area required to intercept all the

Since solar energy is the driving force

radiation varies with crop species

for biomass production it seems most

(Figure 2).

Most crops such as clovers

likely that high rates of production

and soybeans with predominantly horizon

would occur with densely planted crops.

tal leaves intercept all the radiation

In tropical environments sugar cane (a C4

at leaf area index (LAI, leaf area/

crop) maintained a growth rate of 37 g/m2/

ground area) values of 4 to 5.

day, a dense stand of cattail (a uniquely
2
efficient C3 plant) achieved 53 g/m /day,

In con

trast grasses with more vertical leaves

In normal production corn has an LAI of

bulrush millet (a C. forage) has achieved
2
**
54 g/m /day) and sudan grass (another C,
2
**
forage) has grown at 51 g/m /day (36).

3.5 to 4.5 while total radiation inter

Growth rates for cool-season crops rarely

ception occurs with an LAI of 12 (36) .

approach these levels (11) even with a

often need to reach LAI values of 10 to
12 before all the radiation is absorbed.

complete canopy of leaves because of their
less efficient photosynthetic systems.
It is evident from the above discussion
that high biomass production will occur
when a dense canopy is associated with a
high leaf photosynthetic potential.

How

ever, under most conditions the soil and
aerial environment will also affect the
energy conversion and growth process.
This is especially true if these maximum
rates are compared to what one might

Figure 2. Crop growth rate response to
variations in leaf area index (LAI, leaf
area/ground area). Some crops have an
optimum LAI because lower leaves are
parasitic when shaded. critical LAI
(where 95% of light is intercepted) is
greater than 5 for sugar beet (18).

achieve on Missouri farms.
5.
Climatic factors.

environmental factors that affect produc
tivity in continental climates.

LAI values to intercept all the radia

Tempera

ture interacts with crop growth through

tion, they often do not achieve these

both the air temperature influences on a

high values because they are in a re

day-to-day basis and in dictating the

growing stage, or are harvested before

length of the growing season.

the high LAI values are attained in order

Solar radi

ation tends to be rather inflexible,

These

except for variable cloud cover, with

data further illustrate that conventional
agricultural hybrids and production prac
tices do not allow maximum efficiency for
biomass production.

Temperature, rainfall,

and solar radiation are the dominant

Although forage grasses also need high

to obtain a higher quality forage.

CLIMATE AND SOIL FACTORS

maximum intensity and daily duration
occurring in June in northern latitudes.
Minimum radiation in Missouri occurs

A few crops have an

during December and January when most

optimum LAI (Figure 2) because the lower

crop species are winter dormant.

leaves become "parasitic" when they
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Cool-season crop plants (C3 photosynthe

photosynthesis) have a lower daily rate

sis) grow very little at average daily

of production, they can offset some of

temperatures below 4° C (39° F), reach

the disadvantage through their longer

maximum growth rates at average tempera

growing season.

tures of about 20° C (68° F), and nearly

produces 7 (non-irrigated) to 10 (irri

stop growth at 30° C (86° F).

In contrast

In Missouri corn often

gated) tons/acre of above ground biomass,

warm-season crop plants (C4 photosyn

while alfalfa may produce 6 and forage

thesis) grow little at average tempera
tures below 10° C (50° F), have maximum

grasses 5 tons/acre annually with good
management.
Trees also take advantage

growth rates at about 30° C (86° F) and

of a long growing season to offset their

do not cease growth until average temper

slow photosynthetic rate, but still have

atures reach about 38° C (100° F).

low levels of biomass production in

These

temperature characteristics influence

natural canopies (27).

crop selection, planting date, and varie

Rainfall varies on an annual basis from

tal maturity for a given growing season.

about 36 inches in Northwest Missouri to

In Missouri, the growing season for cool-

about 50 inches in Southeast Missouri (13).

season crops is from about March 15 until

However, during the May through September

November 1, with the summer temperatures

periods when temperatures are most suit

during late June to mid-August being

able for rapid crop growth, average rain

above optimum (14).

fall in Northwest Missouri is about 21

This gives two

periods of high production for crops such

inches and in Southeast Missouri is only

as forage grasses, one in spring after

about 18 inches.

the canopy is developed and again in fall

systems in Missouri can effectively use

when temperatures reapproach the optimum.

more water than naturally provided

Growth is usually more than twice as

during the growing season because of the

rapid in spring as in fall because the

high evaporative demand.

days are longer to give more radiation,

Figure 3 shows the relationship between

and the stems and seed heads'are formed.

rainfall and evapotranspiration for

The growing season for warm-season crops

Columbia, Missouri.

is from about May 1 until October 1, with

summer occurs in all of Missouri, to a

Most intensive cropping

A deficiency during

maximum growth rate occurring in July
and August if water is available.

These

crops often do not develop a canopy
early enough to take good advantage of
the long days and high radiation of June,
but this is largely due to the fact they
are annuals and are planted later in the
spring.

The only warm-season perennials

grown in Missouri are some range grasses
and Johnsongrass.

Because they do not

need to be planted in spring they often
make good growth earlier than warm-

Figure 3. potential evapotranspiration
and rainfall during the year at Columbia,
Missouri (30) .

season annuals.
Even though cool-season species (C3

664

lesser degree in the Northwest and to a

periods when rainfall exceeds evapotrans

greater degree in the Southeast.

piration in spring and fall

During

(Figure 3).

the period when rainfall does meet demand

Lack of aeration inhibits root growth and

needs, plants withdraw water from the

mineral uptake, and also leads to more

available supply in the soil.

disease problems for the plants.

when the

soil supply is not adequate irrigation
becomes practical.

High available water holding capacity
(Figure 4) helps during summer when rain

Soil factors.

Sufficient evidence is

fall is less than evapotranspiration

available (8) to show that supplemental

(Figure 3).

fertilization or addition of legumes is

gradually deplete the stored water reserve

economic to production of agronomic yield.

which will be recharged again in fall.

Providing mineral nutrients are supple

Most Missouri soils, and particularly

During this period plants

mented to the soil in proper quantities,

those without a high water table, cannot

aeration and water holding capacity become

adequately meet water needs during summer

the dominant factors affecting producivity (28).

when evaporation demand is high, and

Soil aeration is probably most closely

hence the generalized response to irriga
tion (22) .

related to internal drainage characters of

Most soils in the "High yields expected"

the soil (30).

area of Figure 4 are already in intensive

Figure 4 illustrates the

relationship between the two for potential

grain production.

productivity of summer annuals.

expected" are usually in grassland, and

The rela

Those of "low yield

tionship is similar, but with somewhat

those of "moderate yields expected"

different slopes and intercepts for cool-

oscillate back and forth depending on

season annuals and perennials.

economics.

Scrivner (29) has proposed a

method of evaluating soils for producti
vity by developing an index using several

R ato o f excess
w a te r m o vem en t to
g iv e a era tio n

E x p ected L e v e ls o f P rodu ction

1 .......
R apid

^

E xp e cted

i

M o d e ra te
Y ie ld s 1
E x p ected y

between soil productivity index and yields
of alfalfa, wheat and corn.

i

It appears that economic production of

i

M o d e ra te

/

/
/

/
/

/
S lo w

fuel crops over the long term will be

L ow
■ Y ie ld s E xpected

concentrated onto the extremes of soil

/

/

type.

/

—
H ig h

^

'

His

report shows good linear relationships

-

l

1

H ig h

mineral and water characteristics.
■

i

On the best soils fuel crops could

s

b e ■intensively grown if made competitive
M ed iu m

L ow

V e r y L ow

economically with other crops.

A v a ila b le W it e r C a p a c ity

On lower

index soils fuel crops would have less
economic competition, and extensive use

Figure 4. A guide for assessing the role
of excess water movement and water holding
capacity of soils on potential producti
vity of summer annuals (30).

as an alternative to, or in association
with pasture may be feasible.

Poor internal drainage is a characteristic

6.
CROPPING SYSTEMS
For maximum biomass production cropping

of many Missouri soils.

This causes

systems are needed that allow intercep

excess water to be held in the soil during

tion and utilization of a high proportion
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of photosynthetic radiation during the

has its own particular environmental

entire growing season (11).

niche (e.g. optimum temperature, radiation

Common agri

cultural practice does not allow for this

usage, mineral requirements) first one

as most plants are grown in monoculture,

crop and then the other makes maximum use

and only for the interval of the growing

of the environment.

season for which they are best adapted

bination to produce more product/acre

(19.)

than either grown alone (Table 2).

This may mean that double cropping

This allows the com
The

(producing two crops per year in sequence)

main problem for conventional agriculture

may be the best alternative.

would be harvesting each individual in a

Recently

there have been a lot of reports(e.g. 25)

mixture such as corn and soybeans.

suggesting that corn of soybeans planted

would not limit use for biomass production

after winter wheat or barley produces the

where the individual product is not

same with or without conventional tillage

critical.

between crops.

T a b l e 2.
Land use e f f i c i e n c y o f g ro w in g
m ix t u r e s as c o m p a re d t o summer p r o d u c t i 
v i t y o f e a ch g ro w in g a lo n e ( 1 2 ) .

Lack of tillage speeds

transfer from one crop to another, and
saves soil moisture by decreasing evapo
ration during the deficit portion of the
growing season.

C rop
m ix tu re
C orn and r i c e
C o rn and p e a n u ts
S orghum a n d c o t t o n
C orn and d r y beans
C orn and so yb e an s
C o rn and s u g a rb e e ts
S orghum an d cow peas
C orn and so yb e a n s

Double cropping increases

crop residue production, but the residue
of the first crop is an important compon
ent as a mulch in summer that may limit
its energy production value.
Fuel crop production under intensive

This

EffiLocation
ciency (%)__________
160 Phillipines
150 Taiwan
150 Oklahoma
140 Colombia
140 India
140 Canada
130 Nigeria
120 Minnesota

management would not be limited to conven
tional agricultural practices.

One dis

Advantages of intercropping for fuel use,

advantage of present day double cropping

like as above or in forage mixtures, may

is that the small grain crop needs to

be that the quality (C:N ratio) of the

mature before it is harvested and the

product for energy use could be manipu

next crop planted.

lated to be more satisfactory than either

Nearly all of the bio

mass is produced earlier, but the seeds

component alone.

must dry.

insect problems in cotton when it was

Early harvest would not be a

problem in fuel crop situations, which

Reports (12), of fewer

grown with sorghum are also an advantage

would allow earlier planting of corn to

of intercropping.

achieve a canopy earlier, and a greater

been tested.

yield of biomass in that operation also.

tested have been on field crops.

Small grains can be seeded in standing

can also be very high producers of biomass

corn to begin development of a vegetative

and many of the most competitive weeds

canopy before the corn crop is harvested.

are c4 photosynthesis plants (6).

Many systems have not

Further, almost all systems
Weeds

Using double cropping with present varie
7.

ties could increase biomass over corn
alone by 20-35% per season.
A n o th e r

/

u n c o n v e n tio n a l

c ro p p in g

(1 2 ).

th a t

not

o th e r

a re
a re

In

h ig h ly

g ro w n

th is

mic means may be to use mixtures of

s y s te m

is

s y s te m

in te r 

tw o

perennial weeds, grasses, and legumes.

crop s

New varieties of perennial C4 grasses

to

each

such as switchgrass and Caucasian blue-

Because

each

c o m p e titiv e

to g e th e r.

USE OF FUEL CROPS

For fuel crop production the most econo
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8.

stem have potentials to produce over

USE OF CROP RESIDUES

4 tons/acre by July 1 in Southwest

An alternative to fuel crops would be the

Missouri (2).

use of crop residues and by-products from

Regrowth during summer

when moisture is low without irrigation

conventional agriculture (33) .

If this

can approach an additional 1 ton/acre.

were to be feasible, "dual purpose" crops

Seeding a cool-season legume with these

could probably be genetically developed.

species allows nitrogen fixation, extends

Corn may be a good example in that plant

the growing season (20) and may add addi

breeders have knowingly selected for less

tional biomass for the season.

vegetative production and short stature.
Grain sorghum is another example where

Interseeding winter annual crops such as

the vegetative growth has been dwarfed.

winter rye into perennial warm-season

Normal counterparts could be redeveloped

crops such as Johnsongrass or Caucasian
bluestem may offer good biomass potential.

if the need was there to serve both grain
and residue purposes.

Such a mixture may further benefit by
also having a perennial legume included

A major disadvantage with removal of crop

to provide some nitrogen.

residues from the field is the long term

This mixture

would likely have to be harvested at

effect on soil structure, and its implica

least three times in order to achieve

tions for internal drainage and water

maximum biomass production.

storage in the soil.

These peren

Mineral nutrients

would also have to be restored.

nial mixtures would appear particularly

Baldwin

desirable where slopes and soil condition

(5)

could lead to erosion problems.

be carefully evaluated before deciding to
remove crop residues.

Without the contraints of having to har

Many fine-textured

soils as in Missouri uplands are subject

vest a crop for its economic product, or

to compaction and loss of aeration when

at a given age or stage of maturity to

crop residues are not returned.

maintain quality, these mixtures and

coarse

textured soils often have low organic

combinations could likely increase bio

matter content and would also benefit by

mass production over conventional agri
cultural practices by 50 to 100%.

reports that soil conditions need to

having the residue returned.

These

values would still be considerably below

Clausen and Gaddy (9) have described a

the theoretical maximum (18) and may be

methane generation system that incorpor

further improved by breeding and manage

ates the solid waste from plant biomass

ment.

back to the soil.

It is likely that due to climate

That system would

and soil conditions in Missouri one

recycle a high proportion of the mineral

could not achieve the theoretical maxi

nutrients as well as the undigested

mum based on solar radiation.

organic material back to the soil.
Whether or not this organic material is

Steffgen (33) suggests that as a fuel

sufficient to offset the detrimental

crop it is quite possible that rank
growing plants, unlike our present crops,
would be more efficient.

effects of total crop removal needs veri
fication.

Young forest

perennial crops usually do not

suffer from total topgrowth removal.

plantations, after developing a complete

This

occurs because the root system is very

canopy cover, can be as efficient as

extensive and it is turning over annually

agricultural crops (26).

to resupply the soil with organic matter.
For this reason perennial crops have an

667

10.

apparent long term advantage.
9.

CONCLUSIONS
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BIOMASS AS AN ENERGY MECHANISM
E. C. Clausen, 0. C. Sitton, E. L. Park,
and J. L. Gaddy
Department of Chemical Engineering
University of Missouri-Rolla
Rolla, Missouri
Abstract
Laboratory studies at the University of Missouri-Rolla have demonstrated the
feasibility of producing methane by anaerobic digestion of various crop materials,
such as grasses and corn stalks. These studies indicate that about 6.0 scf of
methane are produced per pound of crop material destroyed. Preliminary design
and economic studies of a large methane plant show that the reactors represent
the largest cost item and that efforts should be concentrated on defining reac
tion kinetics and reactor design. This paper discusses various approaches to
reactor design. A process to produce 50 M5CFD of methane is described, and the
design and economics are analyzed.
supplied by the annual solar energy falling on an
area 75 miles square (5,625 square miles). Undisputedly, solar energy is the most universal and
plentiful form of energy.

In 1975, the total energy consumption in the
United States was 80.0 E+15 BTU, which exceeded
the domestic supply by thirty-five percent
The importation of crude oil alone amounted
to about forty billion dollars, and this drain
on the economy is expected to double by 1990 (2)
'
With domestic fossil fuel reserves being rapidly
depleted, the only way to achieve long-range
energy independence is through the development
of alternative energy sources, particularly
renewable sources.

Solar Energy Collection

This nation has an almost unlimited renewable en
ergy source in the form of solar energy. For ex
ample, during any fourteen daylight hours, an
amount of solar energy equal to our annual con
sumption (1975) is incident upon the surface of
the United States, at an average insolation rate
of 3 BTU/min-ft^, Calvin^ and Alich and Inman^l
Alternately, the U.S. energy requirement could be
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Solar radiation is an inconvenient form of energy.
It is diffuse and large collection areas are re
quired. Solar energy is intermittent and some form
of energy storage mechanism must be provided.
Photovoltaic and photothermal methods of conversion
have respectable conversion efficiencies (5.0 to
15.0 percent) but the high cost of these systems
will probably impede their widespread application.
Solar energy can also be collected by photosynthe
sis, a method which manufactures its own collection
network and provides its own energy storage mech
anism. The leaf system, or canopy, of a particular
plant serves as a solar energy collecting surface.
Depending on the structure of the canopy and on
the type of plant, 0.2 to 4.0 percent of the total

incident radiation is converted into plant matter,
or biomass. Typical efficiencies range from about
1.0 percent for corn and sugarcane to about 0.2
percent for a forest, as presented in Table I.
However, for developed canopy systems and under
controlled conditions, conversion efficiencies as
high as 30.0 percent have been reported, Farring
ton (8); indicating that higher efficiencies are
possible for crops grown specifically as an energy
source.

percent (19.85 million acres) is idle, Agricultur
al Statistics, 1974 ^10^. If this idle land could
be used to produce biomass at 15 tons/acre-year,
a total of 297.8 million tons could be produced
per year. At an average heating value of 6500
BTU/lb for plant matter, 3.87 E+15 BTU of energy,
or about 4.8 percent of the total U.S. energy con
sumption is available.
Extrapolating to all U.S. idle cropland, about
11.5 percent of our total energy can be supplied
from this source. This quantity of energy is a
significant resource and should be exploited.
However, there will be growing competition for
cropland to meet the increasing demand for food,
so that cropland devoted to energy production
would necessarily have to decline in the future.

Biomass, or chemical energy, can serve as an energy
mechanism, to be harvested when needed and trans
ported to points of usage. New technology need
not be developed, since existing agricultural
techniques and equipment can be utilized. However,
land availability must be carefully considered in
evaluating the potential of this energy alterna
tive.

Crop wastes. Over 95.0 percent of the field crops
are planted for food grains, Sharpies
a
small part of the corn is fed as silage and some
wheat straw is used as bedding materials. Other
wise, the residual plant mass is unused once the
grain has been harvested. It is estimated that
an excess of 400 million tons of agricultural
wastes are available each year, Anderson

Sources of Biomass
Table II presents the distribution of land in the
United States according to major uses. Croplands,
rangelands, and forests each occupy approximately
20 percent of the total land area. Only 4.5 per
cent of the total land area is in pasture, with
36 percent in non-rural use.

Based on present harvesting techniques, typical
waste factors for common food grains were calcula
ted and are presented in Table III. Applying
these factors to the yearly production rates of
the various grains from the north central region
of the United States, available crop wastes were
computed, as shown in Table III. As noted, a
total of 174 million tons of residual crop matter
is available in this small area where agriculture
is concentrated. At an average heating value of
6500 BTU/lb, approximately 2.30 E+15 BTU of energy,
or about 2.9 percent of the total energy consump
tion, is available. If all the agricultural waste
in the United States (400 million tons) were col
lected and converted to useful, energy, the total
would amount to 6.0 percent of our energy needs.

Land quality is a key factor in biomass production.
Based on national soil surveys, land is classi
fied into one of eight groups, according to its
capability of growing field crops. Class I land
is suitable for growing a wide range of plants and
is nearly level. Class IV lands can be cultivated;
however, careful soil management is required.
Class V to Class VIII lands have severe limita
tions and cultivated crops cannot be grown feas
ibly.
The distribution of Class I to Class IV lands by
usage is also shown in Table II. Rangelands and
forestlands are poorer quality lands, whereas al
most 95 percent of all cropland is classified
Class I to Class IV.
Idle cropland. Over 42 percent of the 437.58 mil
lion acres of cropland is concentrated in the
north central region. Of this percentage over 10
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Range and forest land. Approximately 42.5 per
cent or about 251.42 million acres of the range
and forest land in the United States is idle.
Poor soil, low water availability, or steep slopes

Table I. Solar Efficiencies of Various Crops
Estimated
Solar Energy
Conversion
Fuel Value
Dry Yield
Percent
BTU/LB
Tons/Acre-Year

Location

Plant Type
Oak-Pine Forest
Hybrid Poplar
Sycamore
Reed Canary Grass
Bermuda Grass
Alfalfa

New York
Pennsylvania
Georgia
U.S. Midwest
Alabama
U.S. Average

7000
5625
5800
6500
5625
6500

(5)
(6)
(5)
(5)
(6)
(5)

Corn
Sugar Cane
Sugar Cane (Best Case)
Cattail Swamp
Algae (fresh-water pond)
Sewage Pond

U.S. Average
Louisiana & Florida
South Texas
Minnesota
California
California

6500 (5)
6500 (5)
6500 (5)
6500*
6500*
6500*

5.4 (7)
4-8 (6)
1. 6-11.2 (5)
6.32 (5)
8-11 (6)
2.85 (5)

0.41
0.24-0.47
0.09-0.61
0.29
0.42-0.58
0.18

11 .2-17.9 (7)
20 (5)
50 (4)
11.2 (7)
8-39 (4)
25.1 (7)

0.72-1.15
1.11
2.79
0.88
0.43-2.09
1.34

*Estimated
Table II.

Distribution of Land in United States by Usage and Quality (9)
Percent of
U.S. Total

Class I-IV
Percent of
Area
M Acres
Eacri Division

Usaqe

Area
1M Acres

Croplands
Pasturelands
Rangeland
Forestland
Other Land

437.68
101.74
380.14
462.32
56.22

19.3
4.5
16.8
20.4
2.5

414.98
77.00
100.25
45.43
28.69

94.8
75.7
26.4
9.8
51.0

Total Rural

1438.00

63.5

666.35

46.3

827.60

36.5

2265.60

100.0

Non-Rural
Water
Cities
Parks
Federal
Total U.S.

ritate that 57 percent of this idle land be
categorized as unproductive, leaving 107.92 mil
lion acres available for biomass production
If this land could be used to produce biomass at
5 tons/acre-year (a typical rate for forest trees
or range grasses), a total of 539.6 million tons
could be produced. Using a heating value of 6500
BTU/lb for the biomass, 7.02 E+BTU of energy, or
about 8.8 percent of the total United States energy
consumption, is available.

Summing the expected available energy from
croplands, crop wastes, and idle range and forest
lands, approximately 26.3 percent of our energy
consumption requirement can be met. If however,
energy crops could be developed that grow on mar
ginal lands with little cultivation or produce more
than 15 tons/acre-year on idle cropland, this per
centage could be increased significantly. These
types of crops are under investigation at the
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University of Missouri.

Table III. Waste Factors and Quantities of Crop Wastes
Waste Factor (4, 13)
(lb waste/bu. grain)

Corn

Soybeans

Sorghum

Small
Grains

39.71

49.31

25.16

61.37

State
Illinois
Iowa
Kansas
Mi nnesota
Missouri
Nebraska
North Dakota
South Dakota
Total

Total

Million Tons Per Year (4 , 11)
20.63
23.47
4.39
9.45
5.41
22.46
10.49
15.65
111.95

5.83
4.30
1.15
1.62
2.40
4.08
3.69
4.11
27.18

Biomass as an Energy Mechanism
Crop matter is an inconvenient form of energy. It
can be burned, but the high moisture content re
duces the efficiency of combustion. Also, storage
and transportation of crop matter is inconvenient
and expensive. These difficulties can be overcome
by converting biomass to gas. Pyrolysis and hydro
gasification are two processes for gasifying or
ganic matter. These processes operate at elevated
temperatures and pressures and, although still un
der development, suffer from low conversion effiencies, 30 to 50 percent, Anderson
and
Feldman
Plant matter can also be converted to methane bio
logically by the process of anaerobic digestion.
This process occurs at ordinary temperatures and
pressures with a theoretical thermal conversion
efficiency as high as 94 percent, Hungate
Anaerobic digestion is a three stage process.
Solid organic material is enzymatically dissolved.
Soluble organics are then metabolized by bacteria
to organic acids and alcohols. Methane bacteria
convert these fatty acids and alcohols to methane
and carbon dioxide.

0.16
0.11
0.08
0
0.60
0.09
0
0.05
1.09

2.43
1.31
11.47
7.19
1.40
1.28
8.26
1.06
34.41

29.05
29.19
17.09
18.26
9.81
27.91
22.44
20.87
174.63

Flay, cornstalks, comfrey, municipal refuse, and oak
leaves have been studied in the University of
Missouri-Rolla laboratories to determine the feasi
bility of producing methane from various materials.
These studies indicate that up to 19.5 ft3 of meth
ane is produced per pound of carbon destroyed.
Typical carbon content of these materials is 30.0
to 40.0 percent; and, with 80.0 percent carbon de
struction, up to 6.0 ft3 of methane are produced
for each pound of dry crop matter.
Kinetic Studies
Since anaerobic digestion has been studied almost
entirely as a municipal waste treatment process,
most models for reactor design deal exclusively
with waste and sewage treatment. For example,
Metcalf and Eddy, Inc.
present an empirical
method of determining reactor volume based on volatile-solids-loading factor. The loading factor is
presented in tabular form as a function of sludge
concentration and hydraulic detention time. Re
actor volume is then calculated as the ratio of
volatile solids to loading factor.
A more general development of design equations for
continuous flow biological processes is given by
Lawrence
This method is based upon a mass
balance on limiting substrate and microorganisms
about a continuous-flow reactor. The production of
methane is considered to be the rate-controlling

Anaerobic digestion has been studied extensively
as a municipal waste treatment process; however,
little data is available concerning the anaerobic
digestion of crop matter in continuous culture.
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A differential mass balance, applied to a micro
bial mass, in which the molecular transport is
described by an effective diffusion coefficient,
yields the following equation ^18, 19^:
d2C*
(3)
D -- §• - a r = 0
e .2
s
dx

step , with the kinetics represented by the Monod
equation. The basic parameter for reactor design
is the "biological solids retention time," ec>
calculated as:
YkS - b
K + S
s

(1 )

where D
e
C*
s
x
a

= effective molecular diffusion coefficient
= substrate concentration in the inner
region of the microbial mass, (mg/1)
= distance into microbial mass
= active surface area per unit volume of
microbial mass
r = rate of substrate consumption by reacs tion, (mg/1-day).

Y = growth yield coefficient, mass/mass
k = maximum rate of substrate utilization
per unit weight of microorganisms, time
K = half-velocity coefficient, mass/volume
s
. -i
b = microorganisms decay coefficient, time
S = growth limiting substrate concentration,
mass/volume.
The constants Y, k, K , and b have been experimen
tally determined for simple pure substrates re

The relationship generally employed to describe
the rate of substrate consumption in microbial
• (18,
19, 20)..
reactions is
v

quired in the methane-forming step (organic acids
and alcohols) and can be found in the literature.
Thus, for a required value of S, 0C can be deter
mined and the reactor volume, V, found from Equa
tion (2):

V = 0CQ

k4
rs = K + C*

(2)

( 4)

where Q is the volumetric flow rate.

where k^ = rate constant, (mg/1-day).

The model assumes that methane formation is the
rate-limiting step. For complex substrates such
as corn stalks and other fibrous, cellulosic
materials this may not be the case. Furthermore,
the constants Y, k, Ks> and b are concentration
dependent and require measurement of microorganism
concentration by determining volatile suspended
solids, which is difficult for complex, solid sub
strates. Also, this model does not account for
diffusion of limiting substrate to the microorgan

Equation (4) is analogous to the Michaelis-Menten
expression for the rate of product formation in
enzyme kinetics. Since the reactions involved in
the metabolism of bacteria are controlled by en
zymes ^ 9^ and since the substrate is initially
hydrolyzed by enzymes, it is reasonable that the
kinetics of the biological utilization of sub
strate follow that of enzymatic reactions.

ism.
In industrial processes, microorganisms are em
ployed as biological floes suspended in fluid
(anaerobic reactors) or as biological films ad
hering to a support surface. In either system,
the microorganisms take the form of a gelatinous
material which is considerably larger in size than
that of an individual bacterium ^18, 19^. The
substrate molecules must be transported through
this gel surrounding the organisms before any
reaction can proceed; and, the model describing
substrate conversion should, logically, include
a separate diffusional resistance.
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Substituting Equation (4) into Equation (3)
produces:
? *
*
d" C
k. C
0
dx
K + C_

(5)

Solutions to Equation (5) have been presented by
Atkinson and Daoud
For microbial floes,
low substrate concentrations, and high diffusional
resistance, this solution reduces to:
rs

k5Cs

(

6)

where k- = combined rate constant including re5 action and diffusional influences,
days-T.
To check the validity of Equation (6), reaction
kinetics of various agricultural substrates were

required for a large-scale system. Design equa
tions for equal-volume reactors in series have
(221
been given by Levenspiel v

determined at the University of Missouri-Rolla.
Ten liter mechanically-stirred reactors were op
erated at a constant volume of five liters. Feed
mixtures of five and ten percent solids by weight
were added, and equivalent volumes of effluent
were removed daily. Retention times varied from
20 to 40 days. The daily volumes of gas produced
were measured using Precision Scientific Wet Test
meters. Percentages of methane, carbon dioxide,
and air in the gas stream were determined using
gas-solid chromatography (1/8" x 5' Porapak Q
column). Carbon concentrations of influent and
effluent were measured on an Oceanography Inter
national total organic carbon analyzer.

where e.. = individual tank residence time, days
N = number of tanks in series.

The reaction rate of the various substrates was
calculated at different retention times using the
design equation for a mixed-flow reactor,
(21 )
Levenspiel '
r
r

where C = influent carbon concentration, moles/
50 liter
C = effluent carbon concentration, moles/
s
liter
0 = retention time, days
Assuming an nt31 order rate equation:
rs = kCs"

(8)

Fig. 1. Determination of First Order Rate Constant

A plot of In r$ as a function of In Cs yields a
straignt line with slope n and intercept In k.
These plots, for various substrates, produce
slopes which are approximately unity, confirming
Equation (6) as first order. Rate constants are
determined from plots of Equation (6) in Figure 1
as 0.086 days"3 for continuously-stirred systems,
and 0.054 days"1 for daily-stirred reactions.

Equation (9) has been modified by Rapp ^23^ to in
clude a density correction, e :
(10)
where

(11)

The above data supports the model of Equation (5),
indicating a need to separate the diffusional re
sistance in reactions of this type. High diffu
sional resistance is further indicated by the
increase in rate constant with agitation.
Based on the preceding model, single reactor vol
umes may be calculated using Equations (6) and
(7). However, this model easily lends itself to
design of tanks in series, such as would be
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V X_1 = volume at 100% conversion
V x _q = volume at 0% conversion
Based upon laboratory measurements, e is small for
most agricultural product reactions, and thus
Equation (9) is used for designing the reactors in
this study.

itself, is equivalent to three percent of the
product methane, Alich and Inman ^ , Berry and
Fels
and Pimental
Therefore, the net
efficiency of the biological conversion process is
about 89.5 percent.

Process Description
Figure 2 shows the necessary processing steps
and equipment for the production of 50.0 million
3
ft of methane per day. Approximately 4460.0
tons of biomass are required per day. Plant
matter is field cut, baled into large one ton
bales and transported to a stockpile at the cen
tral plant. Crop wastes may be stored in the
field and harvested at the farmer's convenience.

Process Economics

The biomass is passed through a shredder before
entering the reactors. Storage silos provide one
day of feed retention. Ground biomass is mixed
with water to a concentration of 10 percent solids
before entering the reactors. The reactors are
five million gallon floating head steel insulated
tanks and are operated in series. Heating and
agitation are provided by gas recirculation.
The product gas stream is compressed to 15 psig.
Carbon dioxide and hydrogen sulfide are scrubbed
from the methane with monoethanol amine solution.
A glycol scrubber dries the gas to produce pipe
line quality methane.

Table IV presents the economics for the process
utilizing crop wastes. For a rate constant of
0.054 days-1 (periodically stirred reactors), the
total capital investment is $75.45 million, in
cluding a 30.0 percent contingency. Over 65.0
percent of the investment is for the reactors.
All equipment costs are based on data by Guthrie
and are corrected to 1975.
An extensive study has concluded that biomass can
be produced and harvested on Class I to Class IV
lands for $10.00 per ton, Alich and Inman
Using this value, total raw material cost is
$14.63 million.
Labor was calculated as 0.86 percent of the in
vestment. Maintenance and depreciation were cal
culated as 5.0 percent of the investment and taxes
and insurance as 2.0 percent. Total operating
costs are $24.91 million. With revenue at $33.85
million ($2/MSCF), net profit is $4.47 million per
year and the return on investment is 10.92 percent.

By utilizing waste heat from the compressor ex
haust and heat exchange between the process
streams, only 7.5 percent of the methane pro
duced is required for compression and heat within
the process. The energy requirement for collectting and transporting crop materials to the plant
site (an average of fifty miles), including the
energy requirement of the collection equipment

The liquid effluent from the reactors will contain
the undigested carbon and all the materials from
the original crop matter. This material should be
an excellent soil amendment; however, its
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fertilizer value is not included in these economic
projections.

in the rate constant can be expected with in
creased study. Separating the reaction steps
would allow operating each stage at its particular
optimal conditions of temperature and pH. Using
improved microbial strains at each stage could
enhance the hydrolysis of the solid biomass and
increase the conversion of the soluble organics to
organic acids. Concentrations of intermediate
organic acids could be controlled at a signifi
cantly higher level, thereby increasing the rate
of the methane producing step. Separation and
return of microorganisms to each step should also
enhance the reaction rate.

A slight increase in the rate constant to 0.086
days , representing stirred reactors, reduces
total capital investment costs to $50.35 million
for the 50 MSCFD facility. Operating costs are
$21.69 million and net profit is $6.08 million
per year. Return on investment is increased to
17.08 percent.
Since reactor costs constitute a large percentage
of the total capital investment, the process eco
nomics are strongly dependent upon the reaction
rate and, therefore, upon the specific rate con
stant. A plot of R0I as a function of specific
rate constant indicates that doubling the rate
constant produces almost a doubling of the return
on investment. Clearly, additional study of this
process should concentrate on the reaction
kinetics.

Summary and Conclusions
Approximately one-fourth of the total energy re
quirement in the United States could be met by
employing present farming techniques on idle lands
to produce biomass and by utilizing biomass from
agricultural wastes. Conversion of these agricul
tural materials to methane gas can be accomplished
by the process anaerobic digestion. It has been
shown that the microbial reaction kinetics of this
process can be approximated by a first order

Since the anaerobic process has not been studied
from the standpoint of optimizing yields, it is
reasonable to expect that significant improvements
Table IV.

Economic Analysis of Methane Production from Fuel Crops
kj 0.54 Days"1

k = 0,086 Days"1

$51.70
1.17
1.90
2.00
0.31
0.06
17.41
$75.45 M

$32.39
1.17
1.90
2.00
0.31
0.96
11.62
$50.35 M

Revenue ($2/MSCF)

$33.85 M/yr

$33.85 M/yr

Operating Costs (in $M/yr)
Raw Material ($10/ton)
Power
Water
Labor
Maintenance
Depreciation
Taxes and Insurance
Total

$14.63
0.26
0.32
0.65
3.77
3.77
1.51
$24.91 M/yr

$14.63
0.26
0.32
0.43
2.52
2.52
1.01
$21.69 M/yr

$8.94 M/yr
$4.47 M/yr
10.92%

$12.17 M/yr
$6.08 M/yr
17.08%

Capital Investment (in $M)
Digesters
Grinding and Storage
Compressors
Pumping and Piping
Strippers and Absorbers
Heat Exchangers
Contingency (30%)
Total

Gross Profit
Net Profit
Return on Investment
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reaction, based on carbon concentration. A speci
fic rate constant of 0.086 days 1 has been deter
mined for various agricultural materials.
Bioconversion of plant matter to methane gas is
economically attractive at today's fossil fuel
prices. Return on investment for a 50 MSCF/day
plant was determined to be 17.08 percent. Fur
ther study should be concentrated on increasing
reaction rates, and even better economics are
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THERMAL PROCESSING OF BIOMASS MATERIALS
Donald E. Garrett
Garrett Energy Research and Engineering Co., Inc.
Claremont, California

Abstract
Biomass materials have been man's chief energy source throughout history, and with
current and future energy shortages, attention is being turned toward their possibly
again becoming an important energy source. The extensive literature on this subject
is reviewed, and an analysis made of the current state of the art and future develop
ment work needed.
1.

early period of the Industrial Revolu

INTRODUCTION

tion and to the 1920's was the produc

Throughout history, biomass materials

tion of various chemicals by wood pyro

have been man's most important energy
source.

lysis.

Fire played an important part

in the emergence of man from his more

pounds were almost entirely derived

primitive state to a developed culture,

from this source until the advent of the

and of course wood, dried animal

petro-chemical industry. This industry
was briefly reestablished, particularly

droppings, and other organic material
remained the principal fuel until the

in Europe, during World War II.

discovery of coal, and later oil and
natural gas.

Liquids such as acetone, metha

nol, acetic acid, and many lesser com

The

shortage of oil resulted in thermal bio

It is still a large source

mass conversion processes again becoming

of the world's total fuel supply, and

important and wood once again was a

until the last year or so, provided

major fuel source.

as much energy as nuclear power.

Town-gas (medium Btu

gas used before natural gas was avail
As primitive man began to understand the

able) was produced or augmented by wood

winning of metals from various ores

and other biomass materials, and even

the pyrolysis of biomass materials,

some engines and vehicles were operated

primarily wood, was used to produce

by pyrolysis gasification.

charcoal which was then employed in the

gence of these industries was short

reduction of ores.

lived, however, and once oil was again

This reduction

"industry" was widely practiced until
coke

available, they rapidly closed down.

(from coal) and other reductants
At the present time, with the
majority of the world's oil reserves

began to be used during the last cen
tury.

The resur

A somewhat later development,

controlled by the OPEC cartel the price

but perhaps just as important in the
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of oil has dramatically increased, and

tential conversion, what are the pros

on one occasion imported oil became

pects for economical large-scale biomass

essentially unavailable.

energy recovery on today's scale of

The U.S.

supply, and all other reserves (includ

costs, and what future research and

ing those of the OPEC countries) are

development needs to be done.

fairly rapidly being depleted.

questions are addressed in the following

Conse

These

quently in the U.S. alternate fuel

report utilizing the extensive literature

sources are being actively considered.

that exists from prior studies and appli

It is thus only logical that the use of

cations .

biomass materials once again be con

2.

sidered as a potential replenishable

BIOMASS LITERATURE

As might be expected from the extensive

energy supply for the future.

commercial utilization of thermal bio

Numerous reviews have been made showing

mass process in the past, the literature

what percentage of the U.S. fuel needs

on the subject is indeed impressive.

might be obtained from waste biomass

Literally hundreds of references exist

materials, and others have estimated

on all phases of wood combustion and

the potential of "energy plantations"

pyrolysis.

in which biomass materials were specifi

source exists on cellulose, plastics, or

cally grown for their energy content.

polymers, and many other specific biomass

If all biomass sources including muni

materials such as straw, manure, hulls,

cipal solid wastes, sewage sludge, and

seaweed, algae, and the like.

agricultural residues were available,

lar technology has been developed in the

and could be economically gathered and

equivalent pyrolysis, thermal degradation

converted totally to available energy

and combustion of materials such as

they might account for from 10-30 per

hydrocarbons, municipal solid waste,

cent of the total country's energy needs.

coal, and other substances that closely

On the same basis, "fuel plantations"

resemble biomass sources.

would only require a very small per

these materials was done for essentially

centage of the land mass of the United

the same products, and the same type

States (i.e. 3-6%) to.provide the total

of equipment and operations were em

energy needs.

Such estimates imply

ployed.

A somewhat comparably large

Very simi

The work on

All of these studies are fairly

that efficient and economical methods of

equally divided between descriptions of

gathering and converting biomass materi

practical operations or applications,

al to fuel can be developed, and this is

equipment that has been used for the

not the case at the present time.

pyrolysis or combustion, and theoretical

How

ever, the very real dwindling petroleum

or technical studies on the kinetics,

and natural gas resources, and the

mechanism of decomposition, variables

possible interruption of supply from the

that are encountered, and mathematical

OPEC cartel, together with the fact that

modeling or analysis of the products

biomass materials have been used on a

that are obtained.

large commercial basis in the past, pro

The thermal conversion of wood or wood

vides a compelling and logical reason

related products has been the most

for their consideration in the future.

thoroughly studied and described of the

The question thus becomes, what tech

biomass materials in the literature.

nology has been developed for this po
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This includes wood itself, sawdust, waste

tion and how they affected the product

wood or chips, slash from the harvesting

yield.

of timber, bark, black liquor or various

more than liquefaction because of the

oils obtained from pulping, and various

wartime interest in the gas-fired engines

other sources.

They have been studied

and augmenting of water-gas or town-gas

both individually and in general with
wood.

Gasification is perhaps covered

producing plants with biomass materials.

Since wood, bark, black liquor,

Typical pages of articles from the Chemi

and various other wood related products

cal Abstracts are attached to provide

are currently burned in many large scale

further detail on the variety of this

operations, the literature on this sub

type of study.

ject continues from the 1800's to the

have been gathered on wood conversion.

present.

Theoretical and mechanistic

More than 90 such pages

The biomass material broadly categorized

studies have been covered in detail as

as cellulose has also been studied ex

have descriptions of a wide variety of

tensively.

combustion equipment.

Cellulose might be wood,

straw, or actual chemical cellulose

The pyrolysis of wood has been covered

depending upon the author's exactness

in even greater detail, with a very large

in nomenclature.

These studies cover

number of technical articles on the

the same subjects discussed above with

mechanism of pyrolysis and investigations

wood, but in general, the cellulose

on variables for the operation.

The

studies have been more theoretical on

effect of particle size, wood type, rate

mechanisms, kinetics, thermodynamics,

of heating, temperature of pyrolysis,

and various other technical subjects.

the reaction environment, including

A typical page on cellulose is also

direct steam heating, variable moisture

attached, being part of the approximately

content, feed, inert gases of various

20 such pages in a recent literature

types, the influence of many inorganic

search.

and organic additives, and other

plastics and polymers, and even though

A similar situation exists for

variables have all been looked at in de

these may be chemically produced materi

tail.

als, the studies in this field encompass

A great deal of thermodynamic

data is available, and mathematical

many practical applications, but by and

models have been made of the pyrolysis

large are theoretical, with a great deal

reaction.

of attention having been turned to

Other studies have centralized

on the various products that are

analytical methods in following the con

possible from pyrolysis and how vari

version reactions.

ables or the operation affect their

The subject of municipal solid waste and

yield. This work has been on both the
production of organic chemicals, as well

sewage sludge developed quite a bit
different literature than discussed

as the gasification of wood or its re

above.

lated materials.
A large literature also exists on the
description of commercial plants, to
produce either gas or liquids.

For one thing, municipal solid

waste in particular has been most exten
sively studied in recent years.

Dis

posal problems with both have existed

In many

for many years, and this has been the

of these plants studies have been made

main emphasis in the literature.

on the variables involved in the opera

the common thermal method of disposal
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Also,

ticles such as those attached was 176.

has been incineration, and until fairly
recently this has been the dominant lit
erature subject.

3.

In reviewing the literature in the field

been literally hundreds of descriptive

of thermal biomass processing one is

articles published on solid waste pro
cessing.

first struck by the very large number of

Most of these have very little

articles and books that are available.

technical interest, but even with these

Secondly, it is seen that very little of

restrictions, the literature source

it has a direct application to the

material is quite extensive, and a great

present day desire of finding large-scale

deal of valuable information is con
tained in it.

and economical thermal processing methods.

As might be expected,

Much of the early commercial application

many types of equipment have been used

of this subject was done on a fairly

for municipal waste and sewage sludge

small scale or with the objective of pro

thermal processing, partly because of

ducing materials that either were not

their quite specific and more difficult

otherwise available, and thus normal

handling properties than wood or its re
lated materials.

SUMMARY OF LITERATURE FINDINGS

Recently there have

economics could not be applied, or on

Again, a typical page

producing chemicals that had a consider

of the Chemical Abstract articles on

able value.

this subject is attached.

Essentially none of the

operations were done with methods or
The remaining literature in this field

equipment that might be employed for a

is not as extensive as the subjects pre

very large scale application, or that

viously discussed, but is very interest

could be done economically with high

ing from the point of view of the wide

energy recoveries to compete with other

diversity of biomass materials that have

energy sources.

been studied in fair detail.

This in
Since most biomass materials are quite

cludes nuts, hulls, straw, manure and

wet, if the maximum energy is to be

animal excreta, corn, rice, algae, sea

recovered from them, the process must

weed, water hyacinths, bagasse, and

involve a drying step in which the energy

literally dozens of other materials.

from water vapor is largely recovered

Much of this work was done in the early

and reused.

1900's and it comes as somewhat of a

Essentially no prior work,

even to the most current present day

surprise to those who have thought of

studies, have considered this aspect of

thermal biomass energy conversion as a

the technology, and in fact almost all

somewhat new subject.

studies to the present have assumed a dry
The literature search on this subject

feed.

They merely lose the energy con

contains several categories that are not

tent that is required to vaporize the

covered by the specific biomass materi

moisture, and in a few instances attempt

als discussed above.

to utilize it by reaction with the resi

There is a great

deal of general information on process

dual carbon (char) to form additional

ing equipment that might be used for

carbon monoxide and hydrogen.

many source materials, and a great deal

since this reaction should follow the

of theoretical and technical data that

pyrolysis step, the equipment needs to be

is on a very broad biomass basis.

designed to contact the water vapor with

The

total number of pages of abstracted ar

However,

char after drying and pyrolysis.
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This

has basically never been done, and thus

$10-20 disposal fee.

the maximum economy and energy recovery

processes must be developed.

has not been obtained.

has been started, and although exceeding

In the literature

This means that new
Such work

of the sunject, even though pyrolysis of

ly difficult, there nevertheless still is

dry materials, partial oxidation, and the

considerable optimism that all biomass

water-gas reaction have all been studied,

materials may be thermally processed in

there has been essentially no work done

the future.

If so, this source could

in utilizing these reactions other than

once again considerably enhance the

in a single step process.

world's energy supply.

As a similar matter, very little atten

4.

tion has been given to recovering heat

The work reported in this paper has been

from any of the off-gases, products or

conducted as part of ERDA Contract

residues, which of course is essential
in an efficient thermal operation.

E (04-3)-1241 in the Biomass Section of

Thus,

the Solar Energy Division.

even though the fundamentals of biomass

and help of the Biomass Division Head,

the exact specifics of how to convert

Dr. Roscoe Ward, for his assistance and

this technical data into economic

support in this work.

practical processes and equipment is

conclusions reported herein are those
of the author and not necessarily those

would appear to be at all satisfactory

of Dr. Ward or of ERDA.

towards producing a high energy re
covery or an economical operation.
Biomass materials are generally not
available in very large quantities at
any single source or location, and con
sequently plants must be of a modest
They generally do contain mois

ture and often a large amount, and thus
the plants must very efficiently handle
the evaporation of water in the opera
tion.

Finally, the product that is

desired, namely a gas, liquid or elec
tric energy output, does not command a
very high price, and consequently ex
tremely economical processing is re
quired if this energy source is to be of
value and competitive with other alter
nate energy supplies.

It should be

noted, however, that all opinions and

In other words,

none of the methods currently available

size.

Grateful

acknowledgement is made to the assistance

conversion are fairly well established,

essentially unknown.
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THE MIDWEST ENERGY PERSPECTIVE
Robert H. Bauer, Manager
Chicago Operations Office
Energy Research and Development Administration

Remarks presented at the Third Annual UMR-MEC Conference on Energy
at the University of Missouri-Rolla, Rolla, Missouri, on Octo
ber 13, 1976.
Good evening.

I hope that some of you here had an oppor

I must confess that my

presentation tonight resembles carrying

tunity to attend the public meeting spon

coal to Newcastle.

sored by ERDA in Chicago this June.

This conference has

Al

heard and will hear an impressive number

most 600 people from 10 states came and

of papers on energy resources.

gave us their views on ERDA's plans for

This

opportunity to exchange information is

energy research, development and demon

extremely valuable, especially since many

stration.

people tend to think of energy resources

worthwhile exchange of views.

in absolute terms.

The 10 states involved were chosen for the

We hear proponents

It was a very Interesting and

for solar energy or fusion energy, but

sake of convenience from the ERDA point of

often these persons speak only of the

view, and some of the information I'm go

resource they are promoting.

ing to present tonight has been borrowed

As a re

sult, energy discussions often operate in

from data we at the Chicago Operations

a vacuum, ignoring the relative merits

Office developed for that conference.

of competing technologies.

this reason I've redefined the Midwest

For

I would like to try to avoid this pitfall

for our purposes tonight as this 10-state

in speaking tonight on the energy situa

area.

tion in the Midwest.

Iowa, Kansas, Michigan, Minnesota, Mis

Since you have been

It includes Illinois, Indiana,

souri, Ohio, West Virginia and Wisconsin.

examining energy Issues In fine detail,
I would like to speak in broader terms

Consideration of these 10 states as a

about the energy situation in the Midwest.

region brings to mind the definition of a

We in ERDA have had several opportunities

camel as a horse designed by a committee.

lately to obtain some Insights into the

In some respects this region could have

broader aspects of our nation’s energy

been put together by the same people.

picture.

In another respect it is quite represen

Through a series of public

But

meetings we have obtained comments from

tative of the Midwest as a whole; this

business, Industry, public interest

region, like the Midwest itself, is char

groups and private citizens on our pro

acterized by the dramatic contrasts be

grams and how they affect the energy

tween the individual states.

problem.
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The Midwest region contains industrial

heavily Industialized; more than 30 per

states virtually without energy resources,

cent of all U. S. industry is found here,

while agricultural neighbors enjoy sub

including almost half of the country's

stantial fractions of the nation's fossil

steel production and all automobile manu
facturing .

fuel reserves.

It contains states criti

cally short of natural gas and others
nearly self-sufficient.

The agricultural production of the Midwest

It contains

region exceeds that of many countries of

states with substantial Investments in
nuclear power and states with none. In

the world.

Most of the nation's corn and

large percentages of other crops are pro

short, the principal characteristic of

duced here.

this Midwest region of ours is the diver

The total value of this crop

to the farmers of the Midwest exceeds $26
billion annually.

sity of the 10 states which make it up.
Missouri represents a microcosm of the
region.

In a very real sense, certainly one that

The population is centered in

two metropolitan areas.

is more than geographic, this region oc

The state's

cupies the nation's center.

industry ranges from agriculture and for

It is a high

ly populated, highly industrialized pro

estry to automobile manufacture and
aerospace engineering.

ducer of agricultural and manufactured
goods which flow outward from the region

My principal aim this evening is to esta

on a complex of transportation networks.

blish the notion that the nation's plan

And all this takes energy— lots of it.

ning for energy research, development and

If we look at the energy consumption of

demonstration should avoid the basic mis

the region in a simplistic way, that is,

take of considering the Midwest as a

as a monolithic region, we see a relative

monolithic region, quote, unquote, which

ly unsurprising picture.

possesses a set of assumed characteris
tics.

expected, oil and gas provide the largest

Our understanding of regional pro

share of regional energy needs— about 64

blems must be more sophisticated; it .
must go deeper.

percent.

ing I want to sketch out the rough out

But if we take the time to look deeper,

lines of the region's' energy resources and

we see a much more complex--and more mean

what our energy resources are

and how we use them.

Coal provides about 29 percent,

and hydroelectric power, nuclear and other
sources, the remainder.

In an effort to promote this understand

problems —

As might be

ingful— perspective.

Then, I intend to

We see dramatic con

trasts in the energy consumption of agri

briefly describe ERDA's plans for energy

cultural Iowa and industrialized Ohio

research, development and demonstration,

which uses more than four and one half

now and for the future. Lastly, I hope
to tie the two together.

times as much energy.

We can see that

Illinois, Ohio, Kansas and Michigan are
Some of you may be surprised to learn,

the most dependent on oil and gas to

for example, that better than a quarter

meet their needs.

of the nation's people live in this re

gas, the most critical fuel, Kansas Is

gion, most in major metropolitan areas.

almost four and one half times as depen

More than 40 cities with populations

dent on natural gas as West Virginia.

numbering in excess of 100,000 are loca
ted here.

In terms of natural

A look at the natural gas resources for

Many areas of the region are

the region shows us how the Kansas pattern
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Kansas has been able to meet its own very

in the region.
Indeed, Illinois alone
could meet the energy needs of the region

large demand for gas with its own equally

if acceptable methods of mining and burn

large resources.

ing the soft, high-sulfur coal could be

of dependence developed.

Until recently,

Natural gas production

found.

At present environmental concerns

in Kansas in 1975 was approximately 8 50
trillion cubic feet, ten times that of

and federal law limit the utility of most

Ohio, for example.

Midwest coal.

Although Kansas has not shared In Ohio's

We are most dependent on those resources

critical gas shortage, even this gas-rich

in shortest supply— oil and gas.

state recently experienced curtailments

abundant coal reserves are not being uti

of up to 28 billion cubic feet.

lized for a variety of environmental,

This

technical, social and economic reasons.

region-wide shortage has induced many
states to turn to substitute fuels.

Our

Further, we are duplicating another aspect

In

Ohio, where Industry depends on gas for

of the national dilemma on the local lev

42 percent of its energy needs, the

el— reliance on imports.

switch has been, oddly enough, to oil.

The essence of today's challenge Is to

The cost of low-sulfur coals from the

wean this nation away from its dependence

West, combined with transportation costs

on oil and gas and onto alternative energy

and the ease of conversion to oil, have

sources— In short, to create new energy

made oil economically competitive.

choices, for the future.

And most of this oil is Imported, from

Twice before, this nation has shifted to

other regions or other nations.

new primary forms of energy:

Midwest

from wood to

oil reserves are minimal, with no state

coal In the 19th century and to oil and

possessing much more than one percent of

gas in this century.

national reserves.

60 years to reach maximum use.

In Missouri, the switch has also been to

afford to take another 60 years to accom

oil from natural gas.

plish the changeover we need now.

Consumption of

residual fuel oil doubled In 1975 from
1974 levels.

Each time it took
We cannot

On June 30, 1975, slightly over'five
months after it was created by Congres

There Is concern In the

state that Industry may switch to distil

sional legislation, the Energy Research

late fuel oils and liquid propane, endan

and Development Administration— or ERDA—

gering supplies to the residential sec

presented to the nation a plan for expe

tor .

diting this changeover.

Coal Is the Midwest region's most abun

ERDA's mission encompasses six major pro

dant energy resource.

grams:

Vast deposits are

found in Illinois and West Virginia, with

fossil energy; nuclear energy;

solar, geothermal and advanced energy

smaller, but significant amounts to be

systems; environment and safety; conser

found in Indiana, Iowa, Kansas, Michigan,

vation of energy supplies; and national

Missouri and Ohio.

security.

Roughly a quarter of

the nation's proven reserves are located

In the very short term— and by that we

here, with West Virginia leading in coal

mean between now and 1985--today's energy

production.

producers must be expanded to buy time

Illinois, with 65 trillion tons of proven
reserves, has the largest coal resources

for the development of new energy alter
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natives.

safe, economical and environmentally

One of ERDA's main impacts during the

clean.

next few years will be the expanded use
of coal.

tors already operating, as well as those

This Includes those nuclear reac

under construction or on the planning
boards.

Coal is the country's most abundant fos
sil fuel.

A third aspect of ERDA's near term energy

Thirty years ago, it supplied

plan Is the enhanced recovery of oil and
gas .

75 percent of America's energy needs.
But today, that figure has slipped to
only 20 percent.

Today, current techniques recover only

Coal has borne the brunt of pollution

one-half or less of the total oil in a

regulations limiting the sulfur content

field.

of fuels, and that form of coal contain
ing very little sulfur is often too dif

techniques, hopefully Increasing produc

ERDA will assist the oil and gas

industry to improve conventional recovery
tion of oil by 500 million barrels and

ficult to mine or too difficult to trans
port economically.

natural gas by 3 trillion cubic feet each
year.

But today, coal Is staging a comeback.
However, we feel that in the short term,
One reason Is the fluidized bed combus

energy conservation is most likely to
give us our biggest payoff in terms of

tion system being developed In ERDA's
laboratories.

This system burns the coal

recognizable results.

in suspension with common limestone,

Because of our

past history of cheap, almost unlimited

which chemically removes the sulfur

energy, we as a nation have become some

pollutants up to 90 percent in some smallscale tests.

what wasteful in the ways we use energy.

Another focus of near-term planning Is on

Take many of today's buildings for exam
ple .

today's nuclear power reactors.
firm believer in nuclear energy.

I am a
One-third of our total energy budget is

And,

being used to operate the "Great American

as I read the polls, the American people

Indoors."

support nuclear energy.

Much of that energy Is care

lessly wasted.
Two of Missouri's major utilities are ad

The most visable symbols

are excessive lighting, large expanses

ding nuclear units to their systems.

of glass, central electrical controls

Both the plant in Callaway County and the

with no local switches and excessive heat
ing and cooling.

plant In Burlington, Kansas, will provide
Missourians with nuclear-produced electri
city .

One objective in ERDA's conservation plan
is to cut energy consumption in existing

The public is smart enough to know there

buildings by 20 percent and in new build

are nuclear issues still to be resolved—

ings by 30 percent by the mid-1980's.

waste disposal for example— but Is still
wise enough to see that the potential

Industry consumes 42 percent of the energy

benefits are worth the cost.

used in the United States.

Almost half of

this energy is rejected as unused waste
ERDA will work with American Industry to

heat.

develop more effective nuclear power

ERDA is working on ways to channel

this wasted heat into useful energy.

systems and ensure that these systems are
687

Transportation consumes over half of the

This nation must have a synthetic fuel

petroleum used in this nation.

program for the future and we have to

ERDA's

begin building it right now.

conservation program hopes to develop
more efficient autos, busses and trucks

In late 1975, ERDA chose New Athens, Illi

which now depend almost totally on petro

nois, as the site for the $237 million

leum and are among the most inefficient

Coalcon facility.

users.

attempt to demonstrate that high-sulfur

New concepts in combustion engines, such

coal can be economically converted into

as this gas turbine engine under develop

clean gas and liquid fuels.

ment by ERDA and the Chrysler Corporation

mates that the plant will convert 2,600

might use fuels other than conventional

tons of coal a day Into 3,900 barrels of

gasoline.

liquid fuel and 22 million cubic feet of

Cars might someday be powered

This facility will

ERDA esti

by batteries, either Improved versions

natural gas.

of today's lead-acid batteries or per

ERDA Is also working on ways to convert

haps, by new high-energy lithium-sulfur

coal into synthetic gas underground,

batteries built from arrays of pocketsize

removing the necessity of large and expen

cells like these.

sive mining equipment.

A fourth conservation area involves con

gasification might mean that deep under

verting discarded waste to forms that can

ground deposits of coal, inaccessible

be burned to produce energy.

today, might be reached.

One billion

Underground coal

tons of carbon-rich waste are generated

For example, the United States has an

each year by this nation,

estimated three trillion tons of coal in

ERDA's research into ways of converting

the Rocky Mountains and Alaska that are

much of this waste to usable forms could

beyond the reach of conventional mining

mean that tomorrow's energy furnaces

equipment.

might be fueled by today's trash.

ERDA's Laramie Research Center in Wyoming

Energy from farm wastes is of particular

is exploring a method for tapping this

interest to highly agricultural Midwest

buried treasure by Igniting the coal

states.

underground and then capturing the gas

It Is estimated, for example,

that the BTU content of corn residue

for transport to the surface.

alone is greater than the BTU consumption

Apart from coal, oil shale is another

of the machinery used to grow all Mid

potential contributor to this nation's

western crops combined, and that the

energy future during the. mid-term.

energy released from burning the entire
However, simply handling the shale Is an

nation's crop residues would equal that

enormous problem.

obtained from hydroelectric power.

To produce 1 billion

barrels of oil from shale would mean
During the mid-term between 1985 and 2000,

mining and processing 1.4 billion tons of

synthetic fuels manufactured from coal

rock and disposing of five-sixths of It.

and oil shale could become major energy

The enormous amount of spent shale waste

contributors.

left over may constitute too great an

We at ERDA do not consider synfuels—

environmental risk.

oil and gas made artificially— as an al

ERDA hopes to improve the economics of

ternative.

shale processing while, at the same time,

In our view, it Is a must.
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developing methods of solving the associ

Another emerging energy technology is

ated environmental problems.

solar energy used to heat and cool homes

Several other sources of energy exist to

and buildings.

day which are not being used significant

A number of experimental systems are be

ly.

Probably none will ever become a

ing evaluated by ERDA.

One of these Is

major long-term contributor, but each

at the Towns Elementary School, In Atlan

could make a significant local contribu
tion .

ta, Georgia, which has the largest amount

One is geothermal energy.

of floor space heated and cooled by solar
energy to date.

Today, the

Solar energy supplies

over 60 percent of the building's heating
and cooling needs.

only geothermal resource In the United
States generating electricity commercial
ly is the geysers steam field north of
San Francisco.

A somewhat different type of solar collec

There, electricity Is produced at costs

This solar "pond" is a cross between a

lower than those for comparable plants

waterbed and a greenhouse.

using fossil or nuclear fuels.

ERDA's Lawrence Livermore Laboratory,

tor Is also being developed by ERDA.
Designed by

it heats cold water by flowing it slowly
However, for all their apparent economy

through a specially-designed, plasticcovered trough. A single pond might be

and simplicity, geothermal sources are
not without problems.

over 300 feet long, 12 feet wide and only

Dry steam fields, such as those at the

3 to 4 inches deep.

geysers, are a relatively rare geological
phenomenon.

The windmill Is beginning to look more

There are 20 times more wet-

attractive as a source of cheaper energy.

steam fields, where hot water rises with
the steam.

ERDA's national plan includes a wind

Energy is far more difficult

conversion R&D program, and one of its

to extract from these hot-water steam

products is this eggbeater-shaped wind

fields, because of.the presence of highly

mill being tested at ERDA's Sandia Labs

corrosive salts dissolved In the water.

In Albuquerque, New Mexico.
are 15-feet apart.

ERDA is Investigating new methods of pip

Its blades

ing and extracting heat to improve the
A much larger wind turbine is being tested

productivity of these more abundant geo
thermal resources.

for ERDA by NASA's Lewis Research Center
at its Plum Brook Station in Sandusky,

But hot water or steam may not be the
most abundant geothermal resource.

Ohio.

All

Its propellers are two 2000-pound

evidence indicates that the real geo

aluminum blades spanning 125 feet in
diameter.

thermal bonanza is subterranean hot, dry
rock.

But even a combination of all these energy
resources - geothermal - wind - solar

Research Into ways of circulating fluids

heating and cooling cannot satisfy all

through these underground hot spots to

the energy demands of future generations.

tap their energy is in progress at the
Los Alamos Scientific Laboratory in New

On the longer term from the year 2000

Mexico.

onward, we are looking forward to the

Here, a core sample of hot rock

general use of at least one of three

is being examined by a Los Alamos Re
searcher.

"Inexhaustible" energy sources.
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They are:

essentially Inexhaustible electric power.

the breeder reactor, nuclear

fusion and solar electricity.

Among numerous proposed solar electric

ERDA's breeder program is directed toward

systems is the solar tower, such as this

the construction of a full-scale demon

artist's concept.

stration breeder reactor on the banks of

from the base and focused on a boiler at

the Clinch River In Tennessee.

the top of the tower.

The Clinch River Breeder —

which will

turbine.

ellites and manned spacecraft, might some

ing and retesting hardware and procedures

day be substituted for the boiler and

in smaller breeder reactors such as this

used to convert sunlight directly to

one In Idaho, which has operated continu

electricity without the use of steam.

ously for over a decade.

I must stress that all three of these

Fusion represents another "infinite ener

long-term technologies will require a

It is the process by

tremendous amount of time and work to

which the sun generates Its energy, and

bring them to the point of practical

If It can be duplicated on earth, future

commercialization where they can truly

generations might be free from dependence

serve the nation.

on fossil fuels for electricity.

ERDA Is working on them right now because

the process occurlng

we know it will take at least 20 or more

In today's nuclear reactors -- Involves

years to bring them to that point.

the splitting of atoms, fusion involves
forcing them together.

Photovoltaic solar cells,

cheaper than the ones that power our sat

will be the result of many years of test

Whereas fission —

Water in the boiler

is converted to steam which would turn a

produce more fuel than it consumes --

gy technology".

Solar heat is reflected

It's a process

These specific projects I've just men

that requires tremendous temperatures

tioned are really just a small sample of

and pressures, but it's also one that

the diverse energy research and develop

releases tremendous amounts of energy.

ment efforts going on throughout the

This device undergoing testing at the

nation to implement ERDA's plan.

Princeton Plasma Physics Lab Is attempt

want to suggest that what's being done Is

ing to achieve fusion within a magnetic

enough.

"bottle" necessary to maintain the high

merely a beginning effort.

temperatures.

areas where we definitely need to do more

It isn't.

I don't

What we have here is
One of the

Is in developing regional projects aimed
Another way to achieve fusion is by the

at solving regional problems.

use of laser beams directed toward a tiny
While this region is energy-poor In some

pellet of fuel.

respects, it certainly Isn't poor in a
ERDA has been supporting laser-fusion

resource that this conference has not

research at its Los Alamos Scientific

examined extensively, but Is In evidence

Laboratory, Lawrence Livermore Labora

here tonight— Its Intellectual, Indus

tory, and Sandia Laboratories, as well

trial and creative resources.

as the Naval Research Laboratory and

This Is

the part of the country where the auto

other smaller facilities around the na

mobile was developed, where agriculture

tion .

became a science and industry that feeds

Systems that convert sunlight to electri
city might also permit the production of

a good share of the world, where nuclear
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energy was first harnessed and finally
commercialized.
What we need to do is to tap into these
regional resources.

In ERDA, we already

have a few resources of our own in the
Midwest region.

Out of the Chicago Oper

ations Office we deal with hundreds of
contractors, research laboratories, in
dustries and universities, many in this
region.

These include world-renowned

centers of research and development such
as Argonne National Laboratory, Ames Lab
oratory and many others.

The Morgantown

Energy Research Center works closely
with us, as do our many industrial con
tractors .
I'm not mentioning all this just to im
press you with ERDA's capabilities al
though I do think they are impressive.
I mention it to emphasize that the ERDA
Plan, coupled with our system of regional
offices and facilities, provides a frame
work on which government, industry and
various interests can build a structure
of cooperation and joint action to solve
our mutual energy problems.

This was

the principal message generated by ERDA's
June Public Meeting in Chicago.

Every

sector of the society must be Involved In
energy resource development if It is to
be accomplished sanely, effectively,
economically, and in time.
Through that meeting and conferences such
as this one, and through the day-to-day
activities of those in this room, I hope
that federal, state, local government and
private interests will develop new
methods of applying the considerable
human resources of this region to our
energy problem.
Thank you.
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'STATISTICAL COMPARISON OF ENERGY REQUIREMENTS FOR DIFFERENT
TYPES OF RESIDENTIAL ELECTRIC HEATING"
By Larry L. Rushing
Missouri Power & Light Company
Jefferson City, Missouri

Abstract
The heat pump can save approximately 40% in energy costs over a central electric
furnace and approximately 20% over electric cable heat or baseboard heat instal
lations. Expected demand for any type electric heat is about the same during
very cold weather.
1.

INTRODUCTION

For many years electric utilities have "pushed"the
all-electric home concept in an attempt to increase
winter loads. But only recently have electric
heating systems been installed on a large scale.
The natural gas shortage and relative high expense
of other forms of fossil fuels has forced building
contractors and homeowners to search for other
means of heating their homes. In almost all cases,
the only practical alternative to traditional fuels
is electricity.
Recognizing consumer problems in heating homes
electrically as efficiently and effectively as
possible due to increased energy costs and antici
pating future winter peak loading, a study was made
to determine expected demand and energy usage for
all-electric homes and apartments in the central
Missouri climate.
Another related subject was a comparison of demands
and usage for the different type heating systems.
Most recent electric heat installations in central
Missouri have been central furnaces. But is there
a more efficient means of heating homes than
resistance heating?
2.

DISCUSSION

Generally the months of January and February will
provide the coldest, hardest days of winter in
central Missouri. Accordingly this period was
chosen to collect demand and usage data for various
type heating installations in the area. Thermal
demand meters were installed on ten all-electric
homes with three different types of heating systems.
The meters were read daily and consistently at the
same time of day (early morning). For 29 days the
daily peak demand and daily usage data was collected

versus the daily low temperature. The demand data
should be considered as a 30-minute KVA demand to
reflect the time delay characteristic of the meter
in registering demand data.
A simple statistical analysis of the data provided
expected daily peak demand and energy consumption
for various daily low temperatures. Very rarely
are low winter temperatures in the area colder than
-10°F. Hence this point was selected as the lowest
temperature on which to project data.
Originally it was thought the demand and usage would
increase exponentially with lower temperatures.
The exponential nature of the general heat transfer
equation would be reflected in exponentially in
creasing demands and energy consumption as the
temperature dropped. However this was not the case.
Plotting the data on semi-log graph paper did not
provide a linear relationship between daily low
temperature and consumption or demand.
Subsequently plotting the data on linear graph pap
er did indicate a reasonable straight line relation
ship for doth daily demand and usage versus daily
low temperature. With this relationship determined,
a linear regression line was calculated for daily
demand and daily usage for the data from each home
or apartment monitored. The correlation coefficient,
R, for most curves indicated a good "fit" of the
linear regression line with the data points. Also
the t statistic, td, was significant and indicated
that demand or usage were dependent variables re
lated to the independent variable, daily low tem
perature. The second t statistic, tt , is a mea
sure of the significance of the correlation coef
ficient. In practically all cases the linear re
gression line calculated was significant as a tool
to forecast the demand or usage for that particular
dwelling. A t statistic of 2.0 or greater implies
a 94% or greater confidence level for that particu-

lar element. For example, if tt is greater than
2.0, at least 94% confidence can be placed in that
particular regression line.
The appendix contains condensed data collected dur
ing this study and provides a means of comparing
the different types electric heat on a common
basis, usage on a 2500 square foot living area
base and demand on a 25 KW installed heat base.
3.

Forecasting a peak expected demand, Dn , for a
number of homes or apartments is also difficult
to determine. This demand is believed to be
exponential in nature and to asymptotically ap
proach a value approximately 1/3 the product of
the number of dwellings, N, and the expected de
mand, Dq, for one of the dwellings. The follow
ing equation is offered as a suggestion which
fits the description and agrees with data collected
in the study.

CONCLUSION
Dn = Dq + ND X ^ l - e "-4(N-1)(N+8)/N2^

Many variables must be considered in arriving at
an expected peak demand or usage for a particular
dwelling. This study indicated a straight line
relationship exists between daily low temperature
and daily peak 30-minute KVA demand or daily en
ergy consumption. However the slope and the inter
cept describing this relationship vary depending
on occupants living style, quality of construction
and insulation and type electric heat installed.
The more "open"a homeowners living style, the high
er will be his demand and power bill. Also the
homeowner will pay a premium in high demand and
usage for poor construction and insulation prac
tices. A utility has limited control of the above
two variables but the utility can recommend a more
efficient type heating system than the common
central furnace.
The study indicated that, for very cold tem
peratures, little difference exists between ex
pected peak demands for the different type heating
systems. Hence any one type heat system installed
on a wide scale will not result in future system
"peak shaving". Some form of "load management"
and attractive off-peak rates will apparently
have to limit peak demands.

e = natural base = 2.71823
The study was made at a minimal cost and with
simple equipment. Using thermal demand meters to
monitor demands provided 30-minute KVA demand
data which did not reflect total demand. Tran
sient demands were eliminated but actual demand
for the dwelling would be slightly greater than
that indicated.
Any statistical analysis will provide more mean
ingful results if the sample data is as large as
possible. Ideally more total data would have
been collected in this study and data would have
been collected at very cold temperatures (below
0°F). Although this particular central Missouri
winter was mild and only a small computer was
required to analyze the data, the results of this
study are significant and should prove useful to
a utility and its customers.

BIOGRAPHICAL SKETCH
Larry L. Rushing
Larry L. Rushing is District Superintendent for
the Jefferson City District of Missouri Power &
Light Company. He is very much involved in the
design, construction and maintenance of overhead
and underground distribution facilities at the
district level.

This study also indicated heat pump instal
lations in the central Missouri climate could re
duce a homeowners expected heating energy consump
tion about 40% from that expected with a central
furnace and about 20% from that expected with
cable ceiling heat or baseboard heat. For very
mild winter weather (daily low temperatures great
er than 30°F) the energy savings from a heat pump
installation should be even greater.

His previous experience includes service in the
U.S. Army as an electrical engineer both in Viet
Nam and in the United States. He also worked for
Pacific Gas & Electric Company and the Shell Oil
Company.

Forecasting a peak expected demand for an indivi
dual home or apartment is difficult because of the
prior mentioned variables. However a conservative
demand estimate would be the total installed heat
plus 25% or five KVA, whichever is greater. This
estimate must be applied with caution for customers
having nontypical residential loads, especially
in rural area.

He holds a B.A. in Math and Physics from Drury
College, a B.S. in Electrical Engineering and an
M.S. in Engineering Management from the University
of Missouri-Rolla.
He is a Registered Professional Engineer in
Missouri, a member of the National and Missouri
Societies of Professional Engineers and a member
of the Institute of Electrical and Electronics
Engineers.
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ENERGY CONSERVATION OPPORTUNITIES
FOR RESIDENTIAL BUILDINGS
Dr. Jerold W. Jones
The University of Texas
Austin, Texas

Abstract
Residential energy use represents 22% of our national energy con
sumption. A number of recent studies have indicated that this use
could be reduced by 30% without adversely affecting occupant com
fort or convenience. Thus, there is increasing emphasis on the
implementation of conservation measures in the residential sector.
However, the majority of homeowners are still unable to confidently
determine which of the many conservation options available will
provide a reasonable return on their investment and significantly
reduce their energy consumption. Consumers have been confronted
with criticism for the use of small electric appliances at one
extreme and overzealous promises as to the effectiveness of some
building products at the other. The intent of this paper is to
discuss the components of residential energy use and the opportun
ities for energy conservation in such a way as to alleviate some of
the confusion.
1.

In two recent studies Hirst

INTRODUCTION

of 3.6% per year for demographic and eco
nomic reasons.

widespread acceptance of major energy

rate of 1.5% per year to a maximum of 2.5%

size of the average home. This growth
trend has slowed in the past several years

per year if fuel prices stabilize at their
(3)
1975 levels. These studies and others

because of the relatively high saturation

also project that a vigorous conservation

of many appliances and a dramatic increase

program could reduce the residential con

However, the present

sumption growth rate, resulting in a

housing stock of 70 million units is ex

savings of 25% to 40% in the year 2000.

pected to increase to from 100 to 110

Such savings would have a significant im

Addi

pact on our national energy requirements.

tionally, consumer expectations will con

In a more immediate sense conservation is

tinue to increase the saturation levels
of some appliances.

He projects that growth

will more likely range from the 1970-74

using appliances and to an increase in the

million units in the next 25 years.

projects

lower than the historic trend (1950-1975)

This increase is

attributable both to the introduction and

in energy costs.

'

that this growth will be significantly

Per household energy use increased by 50%
between 1950 and 1970.

(1 2)

the only real means the consumer has to

Thus continued growth

moderate the impact of rising energy costs

of energy consumption can be expected in

Therefore residential energy conservation

the residential sector.

provides both an immediate appeal to
696

Table 1
RESIDENTIAL ENERGY USE IN MIDWESTERN U.S.
South
on site

primary*

30%
22%
23%
25%

14%
11%
36%
39%

Heating
Water Heating
Air Cond.
Lighting &
Appliances

Central_________________ North
primary*
on site
on site
primary*
60%
17%
6%
17%

63%
18%
4%
15%

40%
12%
13%
35%

45%
13%
8%
34%

187
172
156
Total (MBtu/ft2/year)
*Primary energy consumption includes the generation and transmission losses
associated with electric energy.
consumers and a long-term national benefit.

These figures are presented as a realizable

In considering the energy conservation

range of savings.

options available it is important to

depend on both the thermal characteristics

choose those which will be of real value

of a particular home and its geographic

in a particular circumstance.

location.

The initial

cost of a conservation action and the

2.

savings in operating costs which it may
provide must be balanced.

2.1

Actual savings will

CONSERVATION ACTIVITIES

STRUCTURE

To accomplish

this balance, the pattern of energy use in

In the case of the building structure, the

a home must be determined.

factors of major importance relate to im

Table 1 gives

typical energy use distributions for a

proving thermal characteristics, reducing

single-family dwelling in three midwest

infiltration, and improving solar control.

locations:

However, the value of each and the way it

ern.

southern, central, and north-

The house contains 1600 ft

2

is approached must be geared to specific

and is

equipped with gas heating and water

climatic conditions.

heating and typical electrical appliances,

creased insulation will reduce energy con

As an example, in

including a dishwasher, dryer, and central

sumption, but on an incremental cost basis.

air conditioning.

Levels beyond HUD's new Minimum Property

In each case the above

data indicate that approximately half of

Standards should be considered in colder

the energy consumption is related to

climates.

heating and cooling.

hand, is much more important in warmer

Solar control, on the other

climates where air conditioning represents
In discussing residential conservation

a significant portion of the energy con

options, it is useful to categorize them

sumption.

in terms of structure, equipment, and
operation.

Double glazing presents another

exaitiple of structure thermal improvement

As a general summary, the fol

which requires careful economic analysis.

lowing savings relative to preconservation
construction and operation might be ex

2.2

EQUIPMENT

pected :

The major energy savings in the equipment

Structure:

12% to 18%

will result from eliminating the use of

Equipment:

10% to 12%

the pilot light and using unconditioned air

Operation:

10% to 15%

for combustion in gas-fired equipment and

Total:

from improved performance of air condi

30+ %

tioning units and appliances.
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Pilot light

consumption typically ranges from 8% to

residential conservation opportunities as

10% of total furnace consumption to over

follows:

50% for a gas range-oven combination.

In

Location

Annual Energy Savings

a home with gas appliances, pilot light

North Central

39%

consumption typically represents 10% to

Mid-Atlantic

36%

Southwest

38%

12% of the annual use of natural gas.

A

saving of 10% to 20% is possible in water
Each of these studies includes improvements

heating with increased insulation and
improved performance.

in the three basic areas of structure,

It is anticipated

equipment, and operation, but none was

that modifications of refrigerators can

based on extreme measures or on action re

reduce their energy consumption by 30% to
50%.

quiring considerable discomfort or incon

High efficiency air conditioning

venience to the home occupant.

equipment is now available with EER's of

Although

the distribution of savings among energy

9 as opposed to the EER's of 4 to 6 typi

using functions varied with climatic

cal of presently installed equipment.

region,.the total percent savings are
2.3

OPERATION

surprisingly uniform.

These studies lead

Operational changes may prove to be both

to the firm conclusion that substantial

the least expensive and the most effective

reductions in per unit energy consumption

single factor in residential energy con

are possible in the residential sector and

servation.

should be pursued vigorously.

They may also be the most

directly related to occupant living habits

3.

A CASE STUDY

and thus perhaps difficult to effect.
As an example the results of conservation

However, continuously rising energy costs

opportunities for a 1600 ft

seem to have made consumers more willing
These changes relate

computer to model the energy use of the
house.

set-back, and shutting off of setting back

ards and is described in detail in Refer

As an

ence 6.

example, a 5°F night set-back will reduce

The home is a single story, 4-

bedroom home with attached garage.

heating energy consumption by 5% to 10%

does not have a basement.

In a specific case

It

It was assumed

that the home was occupied by two adults

in a warm climate, a combination of 70°F

and three children.

heating season setting and 78°F cooling

Table 2 indicates the

assumptions made as to energy requirements

season setting will reduce heating and

for appliances and water heating.

air conditioning energy consumption by 28%

The re

sults of the analysis were compared with

as compared to a constant 75°F set point.

billed utility data for the home over a

An additional 5°F night set-back will

4-year period to determine if the results

reduce the annual heating energy required

provided a reasonably accurate picture of

for the same home by 25%.

use.
In summary, various studies

The computer program, NBSLD, was

developed by the National Bureau of Stand

heating and cooling equipment during hours

depending on climate.

These

results were obtained by using a digital

to seasonal thermostat settings, night

when the building is unoccupied.

house in

Austin, Texas, will be reviewed.

to make modest changes which will effect
substantial savings.

2

based on

The results of this comparison are

illustrated in figures 1 and 2.

The re

conservation opportunities for an average

sults were also checked against a sample

single-family residence have indicated

of 85 homes that were similarly equipped
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Kilowatt Hours/Month

2650
2400
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2150
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1900

..

1650

-•
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400 -2

4
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Month of Year
Figure 1

Thousand Cubic Feet of Gas/Month

ELECTRIC ENERGY CONSUMPTION OF MODEL RESIDENCE

Figure 2
GAS ENERGY USE OF MODEL RESIDENCE
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Table 2
SUMMARY OF MONTHLY LIGHTING AND APPLIANCE ENERGY USE
Gas

Electric
Refrigerator
Dishwasher
TV (color, solid state)
Clothes Washfer
Dryer
Range and Oven
Lighting
Miscellaneous
Water Heating

140
30
50
10
100.

kwh/mo
kwh/mo
kwh/mo
kwh/mo
kwh/mo
700 ft3/mo

190 kwh/mo
60 kwh/mo
2600 ft3/mo
580 kwh/mo

3300 ft3/mo

by examining utility billings for 2 years.

(1) R19* in the ceiling and Rll** in the

Although there was considerable variation

walls,

in consumption for a given month over the

lation in the walls, and (3) no insulation

4 years, the model results followed the

in either ceiling or walls.

average consumption trend quite well.

of these variations are shown by the data

This comparison certainly does not provide

in table 3 indicating peak hour and sea

a precise verification of the model, but

sonal variation and the amount of change of

it does clearly indicate that the model

total annual energy consumption for each

follows seasonal trends with reasonable

case.

accuracy.

levels shown makes a significant differ

3.1

ence.

STRUCTURE

(2) Rll in the ceiling and no insu
The results

As indicated, insulation to the
The savings in the heating season

are greater than in the cooling season
The characteristics of the structure con

because of the larger average temperature

sidered were as follows:

difference.

In fact, the insulated case

(1)

Insulation

(2)

Infiltration

(3)

Glass

(4)

Orientation and shading

by using outside air for cooling during

(5)

Thermal mass

these periods.

required more energy for cooling in April
and October than the uninsulated case.
This higher load could, however, be offset

Each of these factors will be discussed

It was also determined that

briefly.

insulation in excess of Rll in the walls
would provide very little additional

3.1.1

savings in the Austin area.

Insulation

Three levels of insulation were considered:
Table 3
INSULATION
Thermal Resistance
Ceiling
Wall
R19
Rll
0

Rll
0
0

Design Conditions:

Heatinq Btu
Peak Hr
Season
21,300
28,900
41,300
Cooling:
Heating:

Cooling Btu
Peak Hr

Annual Btu

Season

16.4x10®
25.6x10®
44.0x10®

32,100
45.7x10®
62.1x10®
35,600
46.9x10®
72.5x10®
39,900
51.1x10®
95.1x10®
100°F maximum dry bulb with a 20°F daily temperature range
28°F minimum dry bulb, 12 mph wind velocity

*Approximately six inches of fiberglass.
**Approximately 3 1/2 inches of fiberglass.
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3.1.2

the walls included 17% single glazing.

Infiltration

Infiltration is the hardest factor to
quantify.

The effects of reducing the percentage to

The considerable amount of re

10%, increasing it to 25%, or double-

search on this problem conducted in the

glazing the 17% were evaluated.

The re

past 2 years is difficult to apply to the

sults are tabulated in table 5.

It is

present study.

difficult to discuss the merits of more or

The NBSLD program takes

into account variations in wind speed and

less glass independently of aesthetic con

temperature differential. However, the
equation used has a fixed coefficient and

siderations and possible interactions with
lighting requirements. However, these
results clearly indicate that excessive

is insensitive to some of the factors
which influence infiltration. An effort
was made to give some weight to the hourly
and seasonal variations which would be

amounts of glass should be avoided.

Double

expected to occur by adding an infiltra

glazing provided the largest saving in the
winter, but the reduced percentage was
best for the summer and on an annual basis.

tion term which could be scheduled. Three
cases were again considered— "tight,"

The double glazing provided a 12% overall
energy saving even for the mild climatic

"average," and "loose" construction--to

conditions of this study.

attempt to look at a reasonable range of

must be remembered that double glazing

variation.

increases initial costs significantly.

area.

More study is needed in this

The results obtained are presented

3.1.4

However, it

Orientation and External Shading

in table 4 .
As noted previously, the majority of the
3.1.3

Glass

windows in the base case home had east or

Both the amount and type of glass used
will influence the energy flux through a

west exposure and were assumed to be un

building enclosure.

stantially reduced the peak cooling load

shaded.

For the model home

A 90° rotation of the home sub

Table 4
INFILTRATION
Infiltration Rate,
Air Change/Hr*

Cooling Btu

Heating Btu
Peak Hr

Season

Peak Hr

Annual Btu

Season

53.6x10®
40.9x10®
29,500
12.7x10®
62.1x10®
45.7x10®
32,100
16.4xl06
69.5x10®
49.9xl06
34,100
19.4xl06
c|AT|,
was
used
in
the
calculation
of
a
+
bV
+
*The Achenbach-Coblentz Formula, I =
infiltration rates.

Tight (.1 to .4)
Average (.2 to .6)
Loose (.5 to .9)

18,200
21,300
24,400

Table 5
GLASS
Glazing

Cooling Btu
Season
Peak Hr

Heating Btu
Season
Peak Hr

Annual Btu

52.0x10®
37.7x10®
26,900
14.3x10®
Single, 10%
18,000
62.1x10®
45.7x10®
32,100
16.4x10®
21,300
17%
71.0x10®
52.8x10®
37,400
18.2x10®
24,700
25 %
55.0x10®
42.9x10®
28,600
12.1x10®
17,200
Double, 17%
NOTE: Both the single and double glazing used 1/8" double-strength sheet glass.
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Table 6
ORIENTATION AND SHADING
Cooling Btu
Peak Hr
Season
32,100
45.7x10®
26,800
44.5x10°

Major Exposure
East and West
North and South

Annual Btu
62.1x10®
60.9x10®

Shadinq
East and West
as indicated in table 6.

24,300

42.6x10®

However, it .had

59.0x10®

veneer made little difference.

The calcu

a relatively small influence (3%) on the

lated peak cooling load for a brick home

seasonal energy consumption.

was slightly lower, but there was virtually

External

shading of the east and west windows, on

no difference in energy requirements over

the other hand, had a greater impact on

the season.

roth the peak cooling load and the season
al energy requirement. It should also be

veneer, the differences would be expected

If a brick and block wall were

to be used instead of frame with brick

noted that shading and orientation may

to be greater.

interact. For instance, in Austin, at 30°
north latitude, south windows and walls

between the brick veneer and frame con

can be substantially shaded for the entire

that in a well-insulated home only about

The lack of difference

struction is best explained by the fact

cooling season by a modest roof overhang.

10% of the energy flux is through the

Such a design would still allow some solar

walls.

heating of the south exposure during the

mass of this one component will have rela

v;inter months.

tively little effect on the overall heat
gain or loss.

Shading of east and west

exposures, however, is not as easily
achieved.

Energy conservative designs

3.2

must give careful consideration to both
factors.

Thus, any variation in the thermal

OPERATION

The factors which influence energy use and

It also should be pointed out

that shading of exterior surfaces is more

which may be categorized as operational are

effective than using drapes or blinds on
the inside.

attic ventilation.

3.1.5

thermostat set point, appliance use, and
The first two can have

a significant influence on residential
energy requirements.

Thermal Mass

Residential frame construction has rela
tively little thermal mass.

3.2.1

The calcula

Thermostat Set Point

Two types of variation in control were con
sidered: a constant seasonal set point and

tions made in this study indicated that
whether the exterior was wood or brick

a resetting during unoccupied hours or at
Table 7
THERMOSTAT SET POINT
H e a t i n g _____
Peak Hr
Season
21,300

16.4x10®

75°

24,600

23.9x10®

'J
CO
o

o

o

Set Point

Unoccupied Hrs 85°
Night Set-back 65°

Cooling
Peak Hr
Season
—

______

34,400

55.6x10'

—

—

32,100

45.7x10

—

—

35,100

30 .3x1 o'

22,400

12.0x10®
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______

__

night.

Table 7 summarizes the effects of

various seasonal set points. The data
clearly show the advantage of this con

ceiling represents less than 10% of the
daily load for the summer design day.
Thus,

even

servation option, indicating a 28% annual

in

reduction in heating and cooling energy.

e ffe c t

Setting the thermostat up to 85° for 8
hours a day, 5 days a week during the

3.3
I t

cooling season decreased the air-condi

a ttic

te m p e ra tu re

on

was

th e

h o u s e h o ld

third but increased the peak load by about

m a tio n

10%.

o f

la rg e

w ill

to ta l

re d u c tio n

have

lit t le

lo a d .

b ra n d s

may, in some cases, require additional

tio n

cooling system capacity.

w id e ly

Heating season night set-back increases

in

to

and

v a ria tio n s

m o d e ls .

in

th e

in fo rm a 

o f

th e

H o w e ve r,

in d ic a te d

a p p lia n c e s

th is

s p e c ific

e ffic ie n c y

a p p lia n c e s .

a v a ila b le

fo r

fin d

e n e rg y

s ig n ific a n t

verse effect on utility system demand and

The

th e

d iffic u lt

on

tioning energy consumption by almost a

the peak heating load by only 5%.

r e la tiv e ly

EQUIPMENT EFFICIENCY AND TYPE

tio n

The increased peak may have an ad

a

usual

th e

th e

in fo r 

p o s s ib ility

among

v a rio u s

The

m o n th ly

was

fo u n d

to

o f

homes

c o n s id e re d

s a m p le

consum p
v a ry

s tu d y .

The efficiency of the heating and air-

overall heating energy savings calculated

conditioning equipment will have a signifi

for the heating season amounted to approx

cant effect on the amount of energy

imately 35%. No additional capacity would
be required in this case as heating sys

required for heating and cooling.

tems in the Austin area are invariably

an energy efficiency ratio (EER) of less

At pre

sent some existing air conditioners have

oversized.

than 4, while some of the new high-effi

3.2.2

ciency units have EER values as high as 9.

Appliance Use

The use of high-efficiency systems would

The main impact of increased lighting and

dramatically reduce energy consumption, as

appliance use in a residence is on the

indicated by the data of table 8. Simi
larly, proper design and maintenance of

direct energy consumption rather than on
the cooling or heating load. However,
there is some interaction with the cooling
load.

gas-warmed air furnaces can provide mean
ingful savings.

The effects of a 50% increase in

energy requirement for a standard unit to

lighting use and a 25% increase in appli

that for a unit with improved efficiency.

ance energy are reflected in a 4% increase

Possible variation in heat pump energy

in cooling energy and a 30% increase in

requirements are also indicated.

appliance energy.
3.2.3

4.

Attic Ventilation
The

Attic ventilation is meant to imply circu
lation of outside air through the attic
space alone.

fo r

to rs

this way, attic ventilation was found to

th ro u g h

case,

nal

a w e ll-in s u la te d
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s h a d in g

in
of

h e re

p ro v id e s

s ig n ific a n t
e x is t

fin d in g

by

hom es.

in s u la tio n

load if the ceiling was well insulated.
flu x

T h is

p o s s ib le

to have little effect on the total cooling

th a t

in
is

in
The
as

th e
th e

th is

th e

i t

is

not

p re su m e s

c e ilin g

and

w in d o w s ,

re s i
best

v a rio u s

a n a ly s is

f ir s t

a c le a r

o p p o rtu n itie s

A u s tin
p e rh a p s

c o m b in in g

c o n s id e re d

s a m p le

reduce attic temperatures signficantly but

e n e rg y

p re s e n te d

illu s tra te d

When defined in

CONCLUSIONS

c o n s e rv a tio n

dences.

tional circulation of outside air through

The

s tu d y

in d ic a tio n

It does not include addi

the conditioned space.

Table 8 compares the

at

in to
th e

it

tw o

w o rst

le a s t

some

but

fa c 

R ll

in te r

Table 8
VARIATIONS IN HEATING AND AIR-CONDITIONING EQUIPMENT EFFICIENCY
Efficiency
Gas Warm-Air Furnace
Gas Warm-Air Furnace
Gas Warm-Air Furnace
with Automatic Ignition
Electric Air Conditioning

Heat Pump

Heating
Mcf/yr

n;
10

Btu/yr

50%
65%

42
34

420
340

65%
-

26

260

EER

Cooling
kwh/yr
10" Btu/yr

_

_

_

“

“

“

-

5.5
6
8

-

COP

kwh/yr

10® Btu/yr

EER

8300
7600
5700
kwh/yr

2.0
2.7

2400
1700

262
185

6
8

7600
5700

-

-

~

-

-

-

-

-

905
828
621
10® Btu/yr
828
621

♦Tabular values for 10® Btu in this table have been converted as :
follows:
Electric = No. kwh x 10440 Btu/kwh
(1 - 0.042)
Gas

= No. ft3 x 980 Btu/ft2
(1 - 0 . 02 )

The second represents an energy "conser

represents a "typical" wasteful residence.

The contrast between the two types of
homes is rather startling, as illustrated

vative" home where a reasonable effort to

by table 9.

reduce energy consumption has been made in

annual energy consumption with conserva

design, construction, and operation.

tion.

Most

There is 56% decrease in

When this difference in energy is

of the conservation features have been

translated into dollars and cents at cur

included, with the exception of double
glazing and a variation in the daytime

rent utility rates, the financial savings
are also significant. Thus, conservation

inside temperature during the cooling

pays dividends in terms of both preserving

season.

energy resources and reducing the cost of
Table 9
ENERGY CONSUMPTION IN TWO HOMES (1600 ft )
kwh/yr_____ Mcf/yr__________kwh/yr
Appliances
Lights
Water Heating
Space Heating
Air Conditioning
Total
Annual Consumption
adjusted for generation and transmission efficiency

7200
4200

18

4200
1800

Mcf/yr
12
24
25i

41
85*
4700-rF

13,100**
24,500

144

10,700

61

110 Thousand
Btu/ft /yr

252 Thousand
Btu/ft V y r

*Based on a calculated annual heating
seasonal heating efficiency of 50%.
**Based on a calculated annual cooling
EER equal to 5.
tBased on a calculated annual heating
seasonal efficiency of 65%.
t+Based on a calculated annual cooling
EER equal to 8.
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load of 37.5x10® Btu and a
load of 65.3x10® Btu and an
load of 12.6x10® Btu and a
load of 37.9x10® Btu and an

A lth o u g h
on

th e

p a rtic u la r s

c o n d itio n s

re g io n
h e re ,

w o u ld

in

s im ila ritie s

r e s u lt
s ib le
in

is
and

th e

s im p ly

cost

fro m
in

i t

o f

a

th a t

s tu d y

m ost
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make
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in
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COMPARATIVE RESIDENTIAL ENERGY CONSUMPTION AND
FUEL COSTS WITH VARIOUS TYPES OF SYSTEMS:

OIL

GAS-, ELECTRIC-FURNACES AND HEAT PUMPS

Ronald H. Howell and Harry J. Sauer, Jr., Professors
Department of Mechanical and Aerospace Engineering
University of Missouri-Rolla
Rolla, Missouri

Abstract
The electric air-to-air heat pump for residential heating offers an
economic alternative to systems traditionally used extensively for
home heating, such as, oil or gas fired furnaces and electric resis
tance heat.

This simulation analysis showed that using 1976 mid-

Missouri fuel costs, an oil fired furnace was the least expensive
to operate of the three traditional type residential heating units.
LP gas heating was 19% higher than oil heat while electric resis
tance heating was 26% higher in cost than oil.

The typical air-to-

air heat pumps showed a 29% reduction in the heating bill when com
pared to an oil furnace.
1.

INTRODUCTION

fuel used, and because of the option of

The energy which we use in our homes ac

fered by the electric heat pump to indi

counts for approximately one-fifth of our

rectly use coal as the primary fuel for

total national energy consumption.

residential heating in lieu of more scarce

Due to

increasing concern about the available

fuels such as oil and gas, an objective

supply, together with the continued rising

comparison and evaluation appeared highly

cost of energy, it is advantageous to both

desirable.

the nation and to the individual home-

project to provide such a comparison and

owner to conserve energy.

evaluation of the relative energy effec

It was the purpose of this

tiveness and operating costs of heating
The electric heat pump as a means for

systems for a residence in the mid-Mis
souri area.

residential heating offers an alternative
to systems traditionally used extensively
for home heating, such as oil or gas fired

The term heat pump, as applied to a year-

furnaces and electric resistance heat.

around air-conditioning system, commonly

Because it is recognized that the heat

denotes a system in which refrigeration

pump can theoretically, in proper applica

equipment is used in such a manner that

tion, be a much more effective means for

heat is taken from a heat source and given

residential heating in terms of primary

up to the conditioned space when heating
706

service is wanted, and is removed from the

ing capacity during the summer cooling

space and discharged to a heat sink when

period.

cooling and dehumidification are desired.

Missouri, the heating requirements of the

In a location such as central

The thermal cycle is identical with that

structure exceed the heating capacity

of ordinary refrigeration, but the appli

available from the equipment if selected

cation is equally concerned with the

to meet the cooling load and supplemental

cooling effect produced at the evaporator

heat is required.

and the heating effect produced at the

used to meet the difference between the

condenser.

load requirements and the capacity of the

The air-to-air heat pump is

the most common type and has been widely
used for residential applications^1.

Supplemental heat is

In

unit.

For the heat pumps reported in

this study, resistance heat is permitted

Figure 1 a schematic diagram of a typical

to be energized only when the heat pump is

air-to-air refrigerant changeover heat

incapable of meeting the heating needs of

pump is depicted

(2)

.

,

The operation is

the structure.

indicated for the cooling cycle as well

2.

AXCESS-UMR ENERGY ANALYSIS PROGRAM

as the heating cycle.
In order to expeditiously study the rela-

TERMINAL SYSTEM COMPONENT

REFRIGERANT FLOW

'////////////, HEATING CYCLE
'■ COOLING CYCLE

FIGURE 1.

AIR-TO-AIR REFRIGERANT CHANGEOVER HEAT PUMP

As the outdoor temperature goes down, the

tive cost of operation of residential heat

heating capacity of an air-source heat

pumps and furnaces the AXCESS-UMR Energy

pump decreases.

Analysis Computer Program was used.

Selecting the equipment

The

for a given outdoor heating design tem

AXCESS-UMR [acronym for Alternate Choice

perature is, therefore, more critical

Comparison for Energy System Selection -

than for a fuel-fired system.

University of Missouri-Rolla modifica

Consequent

ly, care must be exercised to size the

tions] program was designed to provide ac

equipment for as low a balance point as

curate economic comparisons of the dif

is practically possible for heating with

ferent energy systems which may be used in

out having excessive and unnecessary cool-

all types of buildings^21.
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The AXCESS-UMR

Program simulates the operation of vari

For these heating system comparisons an

ous types of terminal and primary systems

existing house was selected.

planned for installation in buildings by

existing house allowed comparison of the

making hourly calculations using weather

actual fuel utilization with the simu

data and building specifications.

The

Using an

lated fuel simulation for the installed

program may also be used to evaluate var

heating unit.

ious energy conservation techniques for

idation of the simulation technique.

HVAC systems in existing buildings.

The

This comparison allows val

The residential structure which was simu

program, with some limitations, can be

lated was a 2000 sq. ft. ranch style

applied with accuracy, to residences as

house with a heated full basement.

well.

The

structure had brick veneer with full wall

The AXCESS-UMR Energy Analysis Computer

insulation, 4 inch ceiling insulation, and

Program (3) evaluates building energy re

14% double pane glass.

The first floor

quirements on an hour-by-hour basis for a

temperature was set at 75°F while the

full year using typical local weather

basement was maintained at 70°F.

The

data (dry bulb temperature, relative hu

heating of the residence was simulated

midity, cloud cover), building operating

using one of the following:

profiles, and load usage profiles (light

with 60, 70, or 80% efficiency, LP gas

ing, appliances, people).

furnace with 60, 70, or 80% efficiency,

The weather

oil furnace

data which is used by AXCESS-UMR comes

electric furnace with 90 or 100% efficien

from U.S. Weather Bureau hourly data.

cy, or one of five commercially available

The user can select any station and any

air-to-air heat pumps with electric sup

year of interest.

plementary heat.

For this study the

weather data for the years 1970-1973 at

This house was built in 1964 and has good

St. Louis, Missouri, have been used for

insulation^®1, however, it was not de

all calculations.

signed nor insulated to meet recommenda

The basic program output consists of (1)

tions for electric heat.

a complete print-out of input data for

tions, it was assumed that the infiltra

verification purposes and (2) monthly and

tion rate would be one air change per

annual indications of energy usages and

hour, which is compatible with the life

demands by energy source types.

style of the occupants.

In addi

tion, sample calculations for selected

4.

For the calcula

FURNACES AND HEAT PUMPS

days, hours, zones, and schemes can be
requested.

For this study the fuel fired furnaces

This allows comparison with

longhand calculations for verifying pro

were sized at an output of 64,000 BTUH

gram accuracy.

and the heat pumps were sized for the

Also, as part of the out

put, the user can specify breakdowns of

cooling requirements of the house, 36,000

energy usage by load type, monthly total

BTUH.

heat rejected from air cooled or water

power for each heat pump was obtained

cooled primary refrigeration systems,
hourly and/or monthly deficit or excess

from the manufacturers data and are given
in Table I.

KWH for on-site generation, and hourly or

The heating performance of the five se

daily energy usage for each meter.

lected heat pumps is shown in Figure 2.
The balance point for these heat pumps is

3.

THE TEST HOUSE

The heating capacity and input

generally between 25°F and 30°F.
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TABLE I
HEAT PUMP PERFORMANCE (from manufacturer's data)
Outside Air
Temperature
°F
-10
0
10
20
30
40
50
60
70

Heating Capacity (including ID Fan), BTUH/Input Power, KW
D
E
B
|
C
A
1 1 0 4 0 / 2 .8 2

1 3 4 0 0 / 2 .8 4

1 0 2 0 0 / 3 .0 6

1 1 3 0 0 / 3 .1 8

7 5 2 0 / 3 .5 1

1 4 4 4 0 / 3 .0 6

1 6 9 0 0 / 3 .1 1

1 4 2 0 0 / 3 .1 6

1 3 4 0 0 / 3 .2 8

1 0 9 4 0 / 3 . 71

1 8 7 8 0 / 3 . 36

2 1 2 0 0 / 3 .3 9

1 8 2 0 0 / 3 .3 4

1 8 2 0 0 / 3 .4 6

1 5 9 0 0 / 3 .9 0

2 3 6 2 0 / 3 .6 6

2 5 2 0 0 / 3 .6 9

2 2 2 0 0 / 3 . 55

2 1 9 0 0 / 3 .6 6

2 0 8 8 0 / 4 .1 2

2 9 3 0 0 / 3 .9 6

2 9 2 0 0 / 3 .9 9

2 6 2 0 0 / 3 . 75

2 4 4 0 0 / 3 .8 6

2 5 5 8 0 / 4 .3 9

3 5 2 4 0 / 4 .2 2

3 3 2 0 0 / 4 .3 4

3 1 4 0 0 / 4 .0 6

3 0 0 0 0 / 4 .0 6

3 4 9 6 0 / 4 .6 9

4 0 3 8 0 / 4 .5 2

3 8 2 0 0 / 4 .6 7

4 0 6 0 0 / 4 .5 6

3 8 2 0 0 / 4 .2 3

4 3 0 2 0 / 4 .9 9

4 3 6 2 0 / 4 .8 2

4 3 2 0 0 / 5 .0 2

4 8 0 6 0 / 5 .0 8

4 2 2 0 0 / 4 .3 3

5 0 9 2 0 / 5 .3 0

4 5 1 2 0 / 5 .0 6

4 7 2 0 0 / 5 .3 8

5 5 5 2 0 / 5 .5 3

4 6 2 0 0 / 4 .4 2

5 9 4 6 0 / 5 .6 8
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FIGURE 2.
5.

HEATING PERFORMANCE OF HEAT PUMPS

DISCUSSION OF RESULTS

heating required are given annually and as
a four year average.

The results from these simulations are
presented in Table II.

The fuel fired fur

tinuous air circulation (CAC) and this

naces and heat pumps were simulated for

power requirement is noted.

four years (1970-1973) using weather data
for St. Louis, MO.

The oil-, gas-, and

electric furnaces were operated with con
The heat

pumps were simulated with the fan cycling

The fuel and electric

with the heat pump operation.

power requirement, degree days, and annual
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TABLE II
ANNUAL FUEL USE FOR HEATING
YEAR
DEGREE DAYS
HEATING REQ'D. 10®Btu

1970
4961
128

OIL FURNACE FUEL USE, Gal
80% Efficiency
70% Efficency
60% Efficiency

1971
4510
120

1972
5087
129

1973
4472
118

1016

951

1030

923

1161

1089

1177

1055

1121

1355

1269

1373

1231

1307

+ 4261

LP GAS FURNACE FUEL USE, Gal
80% Efficiency
70% Efficiency
60% Efficiency

980

(CAC)

1569

1471

1591

1426

1793

1682

1818

1629

1731

2092

1951

2121

1901

2016

+ 4261

ELECTRIC FURNACE, KWH
100% Efficiency
90% Efficiency

KWH Fan

4 YR Av.
4758
124

KWH Fan

1514

(CAC)

33103

31017

33559

30073

31938

36781

34464

37287

33414

35487

+

4261

K WH Fan

(CAC)

HEAT PUMP "A", KWH

19857

18171

20005

17671

18926

HEAT PUMP "B", KWH

20138

18484

20289

17977

19222

HEAT PUMP "C", KWH

21100

19400

21333

18707

20135

HEAT PUMP "D", KWH

21933

20224

22222

19401

20945

HEAT PUMP "E", KWH

22664

20835

22947

20074

21630

BUILDING DESCRIPTION:
Size: 2000 sq ft, ranch, with full basement (heated)
Construction: Brick veneer, full wall insulation, 4 in. ceiling
insulation, 14% glass (all double pane)
Indoor Temperatures: 75°F, first floor; 70°F, basement
LOCATION: St. Louis, Missouri
HEATING VALUES FOR FUEL:
No. 2 Fuel Oil - 139,000 Btu/gal
LP Gas - 90,000 Btu/gal

A limitation of the AXCESS-UMR program

1972-1973 heating season the actual oil

prevents the simulation of a typical resi

used was 1041 gallons.

dential system with temperature control

years the oil consumption was 714 gallons

led on-off cycling of the fan.

(173- 174) , 715 gallons ('74-’75) , and 532

For this

In subsequent

reason CAC was used for fuel fired fur

gallons ('75— ’76) .

naces while the heat pump performance

heating seasons the thermostat in the

data included appropriate fan operation.

house had been lowered to 72°F, the air

The simulated operation of the oil fur

registers adjusted to give lower bedroom

nace in this house compares favorably

temperatures, fan set to operate longer,

with measured oil consumption.

oil nozzle replaced with a smaller orifice

In the
710

During the last three

size, and the garage door was closed when

quantities of electrical energy during the

possible.

coldest winter months as well as during

These changes contributed to

the reduced oil consumption.

fall and spring.

Several interesting results can be noted

uary the best electric furnace required

in Table II.

8050 KWH while the best heat pump required

The yearly variation in fuel

For example, during Jan

and power requirements was only about ^6%

only 5050 KWH, a 27% savings.

for four years in St. Louis.

Comparative annual costs were made for

Continuous

air circulation (CAC) requires a signifi

these heating devices based on the four

cant quantity of power (13% of electric

year average data and the September 1976

heat requirements).

fuel costs in Rolla, MO. These results
are presented in Table III.

Various heat pumps

can deviate in power requirements by up
to 14% while delivering identical heating
requirements.

These results have been translated to a

Air-to-air heat pumps can

bar-graph for other energy costs and this

significantly reduce energy requirements
for the heating of a residence.

is shown in Figure 4.

Although

Annual energy costs

for this residence at various oil, gas,

not shown in the table, supplemental elec

and electric rates are given.

tric resistance heating accounted for from
6.

27% to 35% of the heating energy require

CONCLUSIONS

ments .

Three significant conclusions can be drawn

The relative energy consumption on a

from the cost estimates in Table III.

monthly basis for the electric furnaces

First, an oil fired furnace (at 70% effi

and five heat pumps is shown in Figure 3.

ciency) was the least expensive to operate

These comparisons indicate that the air-

of the three typical residential heating

to-air heat pump will save significant

units.

LP gas heating (at 70% efficiency)

MONTH
FIGURE 3.

MONTHLY ENERGY CONSUMPTION FOR
ELECTRIC FURNACES AND HEAT PUMPS
711

TABLE III
COMPARATIVE ANNUiVL OPERATING COST ESTIMA3"ES
"FUEL"
USE***

UNIT
FUEL
COSTS**

ANNUAL
OPERATING
COST

OIL FURNACE (with CAC)
80% Efficiency
70% Efficiency
60% Efficiency

980 Gal.

36.96/Gal.

4261 KWH

1.7 6/KWH**

($362 w/o fan)

1121 Gal.

36.99/Gal.

$486 .

4261 KWH

1.76/KWH*

($414 w/o fan)

1307 Gal.

36.96/gal.

$555.

4261 KWH

1.7 6/KWH*

($482 w/o fan)

1514 Gal.

29.29/Gal.

$514.

$434.

LP GAS FURNACE (with CAC)
80% Efficiency

4261 KWH

1.76/KWH*

($442 w/o fan)

1731 Gal.

29.26/Gal.

$578.

4261 KWH

1.79/KWH*

($505 w/o fan)

2016 Gal.

29.29/Gal.

$661.

4261 KWH

1.7C/KWH*

($588 w/o fan)

100% Efficiency

36199

1.7C/KWH*

$615 .

90% Efficiency

39748

1.76/KWH*

$676 .

70% Efficiency
60% Efficiency

ELECTRIC FURNACE
(with CAC)
($543 w/o fan)
($603 w/o fan)
HEAT PUMP A

18926 KWH

1.7 C/KWH*

$322 .

HEAT PUMP E

21630 KWH

1.79/KWH*

$368 .

*

Electric Rate assumes a mi nimum of 1000 KWH/Month of
Electricity Used for Other than Heating

**

Fuel costs are for September 1976 in Rolla, MO.

***Fuel use based on 4 years average weather data

was 19% higher while electric resistance

the air-to-air heat pumps would consume

heating (at 100% efficiency) was 26% higher

about 17% less operating dollars.

than oil.

Second, both heat pumps were

Third,

the average operating cost of the two heat

less expensive to operate than the oil fur

pumps is about 44% less than the operating

nace and, thus, less also than gas and

cost of the electric resistance furnace.

electric furnaces.

Giving credit for the CAC opperation on

The average of the two

heat pumps gives a 29% reduction in opera

the electric furnace would lower this dif

ting cost.

ference in operating costs to approxi
mately 36%.

Even if credit was given for

the CAC operation on the oil furnace, the
712
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These cost comparisons show that signi

gram",

ficant differences do exist in the opera

UMR-MEC Conference on Energy, Rolla,

ting costs for various types of residen

MO., 1975.

tial heating systems.

These differences

5.

Proceedings of Second Annual

Sauer, H.J., Jr. and Howell, R.H.,

should be taken into consideration along

"Control by Code of Energy Usage in

with initial costs and maintenance costs

Building Systems", Proceedings of

when selecting a residential heating unit.

Second Annual UMR-MEC Conference on

7.
1.

2.

3.

Energy, Rolla, MO., 1975.
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WATER AND ENERGY
Frank Ellis
Department of the Interior
Bureau of Reclamation
Washington, D.C.

Abstract
Energy self-sufficiency or independence from foreign oil
imports depends critically on the yet undeveloped domestic
fossil fuel resources, particularly for the production of
heat, which can be utilized in the conventional and technically
feasible thermal energy cycles of steam-electric generators
and prime movers, which can easily be replicated. An integral
facet of the complex domestic energy development undertaking
is the availability of water that may be required to convert
the vast domestic coal and oil shale resources into usable
energy forms. An orderly utilization of water resources
must receive attention if sufficient development of fossilfuel conversion energy systems is to materialize. Also, the
water requirements of alternative energy sources, such as
nuclear fast-breeder reactors and solar energy, which have
not yet been demonstrated to be commercially viable, must be
reviewed critically.
1.

INTRODUCTION

regulations, and standards; strip mining
controversies; depletion allowances; and
the Alaska Pipeline to market the north
slope oil reserves.

The increasing population and the growing
economy of the United States require ever
larger supplies of energy. Demands for
electrical energy have doubled approxi
mately every 8 to 10 years, and the
demands for natural gas are growing almost
as rapidly.
Similar growth curves can be
observed throughout the energy field.

2.
2.1

FACTORS RELATING TO ENERGY NEEDS
POPULATION AND ECONOMIC

Population growth in the United States
is expected to be about 1 percent per
year. Even if such growth fails to
materialize, per capita consumption of
energy will likely be commensurate with
an increasing gross national product
curve of 4 to 4.5 percent. According to
the Chase Manhattan Bank estimates, the
overall energy demand in 1985 may nearly
double that of 1970. (-1-) The average
American required an energy equivalent of
42 barrels of oil in 1955, and 61 in 1970
The oil-equivalent of energy consummed
may exceed 100 barrels per capita by 1985

The American appetite for energy appears
to be insatiable, particularly in view of
the way the energy game has been played
historically. The voracious consumption
has been premised on the basic concept of
unlimited supplies of cheap energy.
Economic, environmental, and political
constraints associated with unlimited
energy use are now being argued. The
conflict is apparent as the public and
private administrators wrestle with such
issues as wellhead prices for natural gas;
import taxes; environmental rules,
715

With one-sixteenth of the world's popula
tion, the United States accounts for
nearly one-third of the world's annual
energy consumption. By year 2000, there
are expected to be an additional
27 million Americans in the 20- to 45-year
age group. This group is the most inten
sive energy-using group. About 2 million
more people are projected for the 45- to
65-year age group. The affluence of these
people will have significant impact on
demands for energy. Thus, since the
future energy consumers are already born,
the zero population growth that has been
reported recently may have little or no
impact on short-term energy demands.

but currently supplies only about
three-tenths of 1 percent of our energy
needs. The bank's data show energy
consumption in the United States to be:
Item
Industry
Utilities
Transportation
Private homes
Other business
Total

Oil Equivalency
Millions of Barrels per Day
1970
Percent
1985
Percent
Petroleum
13.0
Natural
Gas
11.0
Coal
6.0
Hydroelectric
power
1.0
Nuclear
0.2
Other
0.8
Total 32.0

2.2 DEMAND AND SUPPLY

21
10
14

25
20
100

23.0
11.0
62.0

37
18
100

28.0

45

34
19

12.0
11.0

19
18

3
1
2
100

1.5
9.0
0.5
62.0

2
15
1
100

It is reasonable to expect that the
United States' energy needs will be met
from seven sources of supply by 1985.
Four of these— oil, natural gas, coal, and
hydroelectric power— are contributors of
long standing. The remaining three—
nuclear, shale oil, and synthetic coal-gas
products— are relative newcomers to the
market. Yet by 1985, the equivalent of
about 10 million barrels of oil per day
will need to be supplied from such new
sources.(3) This represents an expansion
comparable to about half of the existing

Oil Equivalency
Millions of Barrels per Day
Percent
1985
Percent
1970
13.0
6.0
9.0

41

The domestic reserves of the two most
important fuels are diminishing; i.e.,
natural gas and petroleum. The
United States currently relies on foreign
sources for about 41 percent of its
petroleum needs.* The future petroleum
needs represent an increasing dependence
upon imports, which may reach 60 percent
or more by 1980.

Domestic energy demand and consumption are
related to four major markets— transporta
tion, residential, industrial, and
electric utilities. These four markets
consume about 80 percent of the Nation's
energy.(2) The oil equivalency for each
of these four basic economic segments is
shown below:

22
13
20

32
25
24
14
5
100

Shell Oil Company has a similar but
somewhat different breakdown for the
sources of energy demands.

Assuming no cataclysmic events such as
global nuclear war or a plague of major
proportions, a population growth of at
least 1 percent per year can be safely
predicted in the United States. There
will be a continuing strong desire on the
part of the less affluent to participate
in the prosperity associated with a
healthy economy. There will likely be an
average annual growth rate of something
more than 4 percent in the gross national
product through 1985. Ample supplies of
capital, labor, and water are expected to
be obtained. Further, private enterprise
will continue as the main institution of
economic activity in the United States.

Transpor
tation
7.0
Residential 4.0
Industrial 6.5
Electric
Utilities 8.0
6.5
Other
32.0
Total

Percent

According to Chase Manhattan Bank
estimates, the sources of energy to meet
these demands have come largely from
petroleum (44.6 percent), natural gas
(31.6 percent), coal (19.7 percent), and
hydroelectric power (3.8 percent).
Nuclear energy, after some 20 years or
more of research, has become operational,

*"Energy - Choices for Independences,"
Department of the Interior news release,
May 7, 1976.
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capability of the petroleum and natural
gas industries in 1970. The accomplish
ment of that goal will require technologi
cal advancements, huge capital investments
and Federal and State cooperation with
private industry.
2.3

reduce consumption, and/or exploit
domestic supplies. Each of the options
is discussed below : ( 3 )
2.4.1

Imports

Increased imports may not serve the
Nation well because of the implications
for national security and uncertainties
about availability and supply. Modifi
cations to the import policy can have
substantial impact on capital formation
and balance of payments. Wages and
consumer prices are very sensitive to
possible changes in import policy which
would have ramifications throughout the
economy.
"Biting the bullet" on
relaxing import restrictions has signif
icant consequences and has major
national energy policy implications.
These should not be taken lightly.
National security, domestic production
of oil and natural gas capabilities,
efforts to enhance production of
unconventional fuels through research
and development, environmental safeguards,
and the economic and social consequences,
illustrate some of the ramifications
involved if the decision is made to
become more dependent on foreign oil.

ENERGY CONSERVATION

The likelihood of real energy conservation
by reducing home consumption may be
overestimated.(4) Transporation,
industrial, utilities, and business uses
of energy currently account for about
86 percent of the national total and are
expected to remain at about that level in
the future. Heating, cooking, drying,
and the myriad of household uses consti
tute about 14 percent of national energy
consumption. Thus, the possibilities of
ending our energy shortage by focusing on
residential consumers appear to be
limited.
Although some reduction in residential
energy consumption could be achieved
through a nationwide educational program
encouraging good energy conservation
practices in the home, most of the resi
dential savings are contingent upon the
development and installation of inexpen
sive insulating materials for reducing
the energy losses from existing homes.

If the United States is to develop its
facilities to handle the necessary imports
of petroleum products, substantial
capital investments would be required for
tankers to carry the crude, for dockage
and pipeline facilities from coastal areas
to the inland population centers, and for
domestic refining and storage facilities.
All of these would have significant
environmental and social consequences
that should be compared as the other
options are considered.

Higher fuel costs may make the wider use
of community heating, total energy systems
and heat pumps more economically feasible.
Urban buildings could be heated and cooled
by using the steam rejected by a central
power generating station. Municipal
waste could be burned in powerplant
boilers along with coal.
It is estimated
that fossil fuel requirements for power
generation could be reduced by an '
estimated 8 percent by using municipal
wastes. These and other aspects appear
to have significant environmental
advantages— yet they cannot be implemented
immediately. Considerable time and
capital investments would be required to .
bring about such a transition. There is
a serious question whether such installa
tions would ever show profit to the
enterpreneur.

2.4.2

Reduce Demands

The second option offered by the National
Petroleum Council; i.e., seeking reduc
tions in the growth rate of energy demand,
may not be viable because restrictions on
usage could produce adverse social
consequences. Although some improvements
in the efficiency of energy use are
possible, such restrictions are unlikely
to have any significant impact before
1985.

2.4 WAYS TO INCREASE SUPPLY OR DECREASE
DEMAND

In the United States, more homes are
heated and cooled, more miles are traveled
per capita, and more goods are produced
than in any other country. Nevertheless,
the developing countries are rapidly
emulating the culture of the Western
world. Consumption of fuels and
energy-related products will result in
more competition for the available world
supplies of petroleum. Price increases

Using calculations for projected energy
supply and demand over the period
1970-85, the National Petroleum Council
concluded, in its recent report on the
United States energy outlook, that there
are three basic policy options open to
the Government; i.e., increase imports,
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hydrogenation and gasification projects
materialize. The environmental con
sequences of mining activities, emissions
from the combustion process, and removal
and disposal of precombustion impurities
must be resolved, however.I®'

can only follow as effective demands**
for energy materialize in the world
economy. This further compounds the
balance-of-payments problem.
While prices have increased substantially
for major fossil fuels and electricity
from 1968-1973, the relative cost increase
to the consumer has been less than for
other items in the cost-of-living index.
The over-all cost of living increased by
27 percent during that time and continues
to accelerate. Considering energy prices
during the 1960's, there was room to adopt
more realistic price relationships to
bring energy consumption and demand into
better balance. Higher prices should
increase cost effectiveness and should
reduce waste and trivial uses of energy.
Consumption of electricity and fuels,
however, continues to climb, although the
rate of increase may be less. The
environmental and social consequences of
lowering consumption to reduce future
energy demands is another facet that needs
indepth exploration.

Development of natural resources of the
West has been and will continue to be
contingent upon availability of depend
able water supplies.
In addition to
agriculture, water-oriented recreation
activities, and other multipurpose
functions, water is vital to expansion of
existing industries; the development of
new industries is often limited in areas
that lack the necessary water supplies.
Federal Reclamation projects, particularly
in recent years, have been designed to
help meet municipal and industrial water
needs where they have been identified and
included as a project purpose. Municipal,
industrial, and other nonagricultural
water deliveries from Bureau of
Reclamation facilities totaled 738 billion
gallons in 1974, nearly a two-fold
increase over the 397 billion gallons used
15 years earlier.

2.4.3 Exploit Domestic Supplies
The third alternative offered by the
National Petroleum Council appears to be a
more realistic solution to the Nation's
energy crisis.
If foreign imports do not
materialize as needed, and if development
of offshore and Alaskan north slope crudes
is delayed further, the utilization of
continental gas and oil reserves and the
coal resources of the United States may
be required to pick up the gap. There
are good reasons to maintain a substantial
production capability in coal and oil
shale resources to offset the risks
associated with unconventional fuels and
the dependency on foreign imports.
However, the environmental consequences
associated with development of the
abundant domestic coal and oil shale
resources must be placed in perspective
with the consequences of expanded import
quotas or reduced consumer demand.
3.

The quantities of water required for
energy and mineral production are sub
stantial. Energy mineral extraction, com
bustion, conversion to more convenient
forms, and transportation of the products
soak up water like a colossal sponge.
For example: A modern mine-mouth coal
burning generating plant of 1,000
megawatt capacity needs upwards of 12,000
to 15,000 acre-feet a year, primarily for
cooling; and a nuclear generating plant
with the same power output uses about
35.000 acre-feet. Although air cooling is
feasible and could be substituted for
water in these industrial processes,
greater capital outlays would be required
for space and equipment and annual
operating costs would be higher. Those
costs, of course, would be passed on to
the consumer.

COAL AND WATER
The four prototype oil shale extraction
plants in Colorado and Utah project an
annual requirement of 111,000 acre-feet to
produce one-half million barrels of
crude oil a day.

Coal, which is the nation's most
abundant fossil fuel, could carry an even
larger share of the energy market if coal

A coal gasification plant with a daily
output of 1 billion cubic-feet of syn
thetic natural gas will consume up to
32.000 acre-feet a year, depending on
design. Coal needed for such a complex
will approximate 25,000 tons per day,
depending upon heat content and other
characteristics of the coal, and the
energy conversion process.

**The demands for energy and other
consumer goods conceivably are as great in
the undeveloped world as in the developed
countries; however, such demands are made
effective only by the ability to enter the
market place.
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For coal liquefaction, estimates vary. A
100.000 barrel-per-day unit may require
20.000 acre-feet of water annually.
The slurry pipeline that moves coal from
the Black Mesa deposits in Arizona to the
Mojave Powerplant in the southern tip of
Nevada - a distance of 273 miles - uses
mined ground water at the rate of 3,700
acre-feet a year. By its arrival, the
water's quality has so deteriorated that
at present it is run off into evaporation
ponds.

generating plants using coal as a fuel
were planned. Firing facilities of a
size that would consume about 1,000 tons
per hour, requiring mine-mouth or near
mine-mouth generating facilities, were
being considered.
At that time, consortiums of energy
companies contacted the Department of the
Interior to review proposed expansion
plans for existing generating plants and
to review plans for new developments.
Because of the Department's responsibili
ties regarding hydroelectric power, water
storage facilities, coal deposits, and
other resources located on Federal and
Indian lands, several bureaus and agencies
within the Department of the Interior were
involved. Early discussions revealed the
potential to coordinate Federal and
private electrical capacity to obtain the
complementary benefits from steam genera
tion to augment hydroelectric power
production of the Colorado River.

Other water consumption includes spent
shale compaction, dust control, revege
tation, and petroleum refining. Refining,
for example, uses roughly a barrel of
water for every barrel of crude that is
processed.
Associated urban uses are significant.
A one-mi11ion-barrel-per-day oil shale
industry may require several thousand
acre-feet each year for the towns where
its workers live.

Because of the Department's natural
resource responsibilities, it has been
involved in the proposed production of
electric energy from fossil fuels almost
from the inception of these plans by the
private sector. Comprehensive review of
the untapped coal deposits in the Four
Corners region showed that fuel and other
economic considerations would generally be
superior for power production as compared
to steam generation in other parts of the
United States. As an example, the sulfur
content of Black Mesa coal in Arizona
averages 0.51 percent, only a fraction of
that of eastern coal which ranges from 2
to 5 percent. Also, the average ash
content of Black Mesa coal is slightly
less than 8 percent. However, BTU****
ratings, ash content, and other factors
do involve tradeoff evaluations for
accurate clean fuel comparisons.

The Bureau of Reclamation is involved in
several activities that will greatly
expand municipal and industrial uses of
water. Two significant and recent
industrial developments by the private
sector involve the coal-fired,
steam-electric powerplants in the Four
Corners region of Utah, Colorado,
Arizona, and New Mexico and the proposed
coal beneficiation*** industrial
processes of the Upper Missouri Basin.
A discussion of each of these areas
follows:
4.
COAL-FIRED, STEAM-ELECTRIC
POWERPLANTS, COLORADO RIVER BASIN,
ARIZONA, COLORADO, NEW MEXICO,
UTAH, NEVADA
Large reserves of coal from which
several billion tons can be recovered
by relatively low-cost mining methods
are located in the Southwest.
In
response to the increasing regional
demands for electric power, energy and
utility companies initiated comprehen
sive reviews of the untapped energy
reserves of those vast, undeveloped
low-sulfur coal deposits during the late
1950's and early 1960's. Steam-electric

Preliminary studies indicated that the
quantities of particulates and oxides of
sulfur and nitrogen resulting from combus
tion of Black Mesa, Kaiparowits Plateau,
or similar western coal would be among the
lowest of any plants of comparable size
operating on coal or oil in the United
States.
The availability of water and high-voltage
transmission, and stringent air quality
regulations in the energy-consuming areas
were other prime factors in favoring the
coal deposits in New Mexico, northern
Arizona, and southern Utah.

***Industrial processes to convert the
latent energy of the coal into gas,
crude oil, and other energy forms
through liquefaction, hydrogenation, and
gasification processes.

****British thermal unit.
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The major privately owned steam-electric
generating stations which involve
utilization of resources under the
jurisdiction of the Department of the
Interior include: (6)
Generating
Station

Location

No. of
Units

Capacity
Megawatts

Timeframe of
Initial Service

Four Corners

Farmington,
New Mexico

5

2,162

1963-1970

Mohave

Bullhead City,
Arizona

2

1,530

1971

San Juan

Fruitland,
New Mexico

2

1,190

1973-1980

Navajo

Page, Arizona

3

2,310

1974-2976

Huntington
Canyon
Total

Price, Utah

2
14

860
8,052

1974-1980

The foregoing Southwest plants currently
are capable of producing about 6,000
megawatts of electricity and have an
ultimate generating capacity of about
8,000 megawatts to help meet local energy
requirements within the Colorado River
Basin and part of the energy needs for
major population centers along the
southern California coast.*****

industrial development of eastern
Montana, northeastern Wyoming, western
North Dakota, and northwestern
South Dakota exists in the vast deposits
of lignite and subbituminous coal
located within those States. Soaring
demands for domestic energy development
have focused attention upon these vast
low-sulfur coal deposits. An estimated
1-1/2 trillion tons, or 40 percent of
the Nation's coal resources, are located
in the Northern Great Plains States;
about 35 billion tons are
strippable-proven reserves. Most of the
energy would be exported to population
centers outside the production area.
The Federal Government owns about
80 percent of the mineral resources of the
region, including coal, and about 30
percent of the land surface. Ownership
complexities involve Federal, State, rail
road, and private interests in the surface
and mineral rights. Water needs must be
met if such resource development by the
private sector is to move forward.
Since 1967, option contracts have been
let for 623,000 acre-feet of water per
year for use in Wyoming and Montana from
Bighorn Lake of the Yellowtail Unit of the
Pick-Sloan Missouri Basin Program. A
comparable 35,000 acre-feet contract has
been written for water from Boysen
Reservoir in Wyoming.
Industrial appli
cations are pending for annual quantities
of 502,000 acre-feet and 59,000 acre-feet
from the Yellowtail and Boysen Units,
respectively. Other industrial applica
tions for 630,000 acre-feet of annual
deliveries from the Wind-BighornYellowstone River system would require the
construction of additional tributary
storage to permit firm water deliveries.

The United States is a participant in
the Navajo Power Project. An entitle
ment to 24.3 percent of the plant's
electrical capacity, or 561,000
kilowatts, will be used for pumping
power requirements for the Central
Arizona Project, a Federal Reclamation
development now being constructed. The
three generators at the Navajo Project,
with a total capacity of 2,310,000
kilowatts, are expected to cost about
$703.4 million. Transmission and rail
road facilities will require additional
investments of $164.5 million'and
$74.5 million, respectively.
5.

INDUSTRIAL POTENTIAL OF THE
UPPER MISSOURI RIVER BASIN

The Bureau of Reclamation has received
requests from energy companies for
annual quantities of water totaling about
1 million acre-feet from the six storage
reservoirs on the main stem of the
Missouri River for use in developing coal
resources in Montana, North Dakota,
South Dakota, and Wyoming. The Bureau
has been working closely with those
States as industrial firms reveal their
plans for prospective coal gasification,
possible coal slurry transport, and
other developments. It has been esti
mated that industrial water requests may
exceed 3 million acre-feet annually.
With today's water pollution control
standards, most industrial diversions
are consumptively used.

An excellent potential for the

*****On April 14, 1976, Southern
California Edison Company announced that
it had removed the proposed Kaiparowits
Power Project in Southern Utah from its
financial and resource planning schedule.
According to an April 18, 1970, speech
presented by*William R. Gould, Senior
Vice President, Southern California
Edison Company at the 11th Annual
Engineering Symposium, Brigham Young
University, Provo, Utah, the proposed
Kaiparowits Project would have a capacity
of 5,000 megawatts. Water deliveries of
102,000 acre-feet annually from
Lake Powell were scheduled for use by
1989.

Water that may be used for industrial
development includes the storage avail
able at the Missouri River main-stem
dams and reservoirs constructed by the
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Corps of Engineers pursuant to the Flood
Control Act of 1944. These include
Garrison, Oahe, Fort Randall, Gavins
Point, and Big Bend. Also involved is
the use of industrial water from Fort
Peck Reservoir built by the Corps of
Engineers prior to the 1944 act.

When implemented, they will introduce
fuel penalties of 5 percent or more (under
1970 performance standards) for each
technique needed to control different
emissions. A fully equipped car will
probably experience at least 15 percent
fuel p e n a l t y '

Leading petroleum companies and power
producers are expressing a keen interest
in the potential of coal-rich areas in
the Upper Missouri River Basin. Mineral
prospecting rights to indigenous coal
resources susceptible to the hydrocarbon
synthesizing processes, located in
southeastern Montana and northeastern
Wyoming, are being, or have been,
acquired. Often, actions relating to
obtaining a water supply are among the
first commitments by the private sector
for resource utilization.

To meet environmental quality standards,
industry invested some $9.3 billion in
pollution control in 1970; the investment
rate continues to climb. The percentages
of total annual capital expenditures
invested in pollution control ranged from
a high of 10 percent for the iron and
steel industries down to zero percent for
the communications industry, with 2.6
percent for transportation and 3.8 percent
for electric u t i l i t i e s . I t is not
clear, however, that all these investments
produce energy-efficient pollution control
centers.

6.

ENVIRONMENTAL ASPECTS
Relating traditional profit incentives to
efficient pollution control will be
difficult until the principle of pollution
control itself has become common practice.
The capital investment and institutional
policies (such as environmental protection
and licensing policies) take substantial
time to implement on a regional or a
national basis. The costs to achieve
environmental and esthetic recommendations
should be explicitly stated in the
environmental studies. Such evaluation of
costs and benefits would provide the
decisionmakers with more definitive bases
and would be a better measure of the
socio-economic and environmental tradeoffs
involved.

Environmental concerns are currently
a dominant public issue in the
United States. As a result, adequate
energy supplies to meet current and
future environmental control operations
are giving rise to many new problems.
Limitations on the permissible sulfur
content of fuels as a means of air
pollution abatement has led to a strong
surge in the demand for natural gas,
low-sulfur coals, and low-sulfur
residual fuel oils. This creates a
supply crisis, at least in the
short-term, for these fuels.
For the longer term, continued pressure
for environmental preservation can be
expected to result in increased costs
for all fuels and energy sources.
Higher energy prices constitute a sharp
break from the historical circumstances
of abundant low-cost energy in the
United States, especially the continued
long-term downtrend in the cost of
electricity. The effects on internal
economic growth as well as on the
position of the United States in world
commerce may be significant.

The question must be asked whether a
slight relaxation in environmental stand
ards, many of which may have been
arbitrarily set with little thought to
their full ramifications, would permit
significant energy savings. For example,
the question should be carefully examined
whether the Nation's environment would be
better served by obtaining emission
reduction through policies designed to
reduce automobile use and increase mass
transit use or by maintaining current
strict emission standards which decrease
engine efficiency. The extremely high
costs which consumers are paying to
obtain the last small increment of envi
ronmental protection should be compared
to the dollar savings from more
energy-efficient pollution control
systems.

Utilization of energy resources has
significant environmental impacts; for
example, strip mining and the disposal
of heated water from power generating
plants. Conversely, pollution controls
have significant impacts on energy con
sumption. They can and do result in the
additional use of energy and may con
tribute to shortages of desired fuels.
For example, motor vehicle exhaust
systems have been proposed to reduce
automobile pollution by over 90
percent.

The close interdependence of these
issues makes it essential that programs
be coordinated wherever possible to meet
the objectives of both pollution control
and energy conservation. The needed
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objectives include making pollution
control systems more energy efficient
and encouraging greater energy conserva
tion by choice. Water resource projects,
along with hydroelectric generating
capabilities, must be considered in the
over-all context of energy needs for the
Nation.
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Abstract
EPA has issued regulations to "prevent the significant deterioration"
of air quality. Problems that states may encounter in implementing
these regulations are described and an approach that states and
utility systems can use to implement the prevention of significant
deterioration regulations efficiently is given. The planning method
can also be used to ascertain the economic effects of these regula
tions upon the energy industries in the state in question.
1.

improve the planning techniques that are

INTRODUCTION

now being used by utilities by incorporat

The objective of our paper is to describe

ing air quality constraints into the plan
ning parameters. When completed the models

a method that states and utility systems
can use to efficiently implement the "Pre

will be capable of efficiently analyzing

vention of Significant Deterioration" of
the economic, energy, and environmental

Air Quality regulations--the (PSD) regula

consequences of alternative PSD classifi
tions. (1)

However, an equally important

cation systems, and after they are opera

characteristic of the method we develop is
that it can be used to ascertain the effect

tional, we plan to use them to analyze al
ternative PSD classification scenarios for

of the PSD regulations on the development
of energy industries.

the eleven Air Quality Control Regions

This duality fol

(AQCR’s) that cover the state of Illinois.

lows almost axiomatically because useful

The initiation of this empirical phase of

air quality planning must be consistent

the project awaits funding and is not cov

with the assumptions used by those respon
ered in the paper.

sible for energy supply development deci-

2.

sions--such as utility companies and state
regulatory boards.

The planning method

BACKGROUND

The U.S. Environmental Protection Agency

that we describe in this paper uses prob

has directed each state to amend its State

abilistic simulation methods that the Ten

Implementation Plan (SIP) by adding spe

nessee Valley Authority has developed to
guide electric utility expansion decisions.

cific provisions to "prevent significant

In effect, our planning models extend and

tions) in areas of the state where air
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deterioration" of air quality (PSD regula

quality is better than required by the na

were projected to result in the deteriora

tional standards and has issued guidelines

tion of air quality by more than the allow

to assist them in doing so. The guidelines

able increment, then the state would have

identify nineteen "major sources" of air

to either:

pollution that must obtain permits before
locating in a "clean air area."

(1) change its definition of signifi
cant deterioration by reclassifying

The per

mit would certify that their operation
would not cause air quality to deteriorate

the affected area as Class III; or,
(2) refuse to issue a permit to allow

by more than the allowed "deterioration
increment."

Three sizes of "deterioration

increments" are specified.

source.

In "Class II

areas" a "deterioration increment" is per

EPA calls this approach the ad hoc approach.

mitted that EPA believes would allow "mod
erate well-controlled growth."

the construction of the prospective

EPA recommends that states use a "compre

If a state

decides that in some areas less deteriora

hensive approach" to area reclassification.
If this is done the state will have to:

tion would be "significant" and should be
(1) anticipate the type and location of

prevented, it can "reclassify" the areas
as "Class I."

all major air pollution sources;

This classification would

permit little development to take place if
it would increase the emission of air pol

(2) project the effect these sources
will have on air quality;

lutants.

(3) identify Class I regions where it

Conversely, if the state decided

that the costs associated with the deteri
oration of air quality for some areas were

would be prudent to restrict devel
opment; and, if necessary,

less "significant" than the economic or so
(4) decide where Class III zones should

cial benefits of more intensive develop

be established.

ment it would reclassify such areas as
Class III zones.

Air quality in Class III

There are persuasive equity, technical, ec

zones would be allowed to deteriorate to

onomic, and political arguments for states

the national secondary standards. To begin

to use the comprehensive approach.

Ineq

the implementation of its guidelines EPA

uities would arise under an ad hoc system

classified all areas as "Class II." Leg
islation is being actively considered in

because different criteria would inevita

the Congress to change the parameters of
EPA's PSD regulations, but this legisla
tion would not change the basic approach

As a technical planning matter, the migra
tion of air pollutants would result in de
facto "reclassification" of adjacent areas

now being used nor the assignment of re

in ways that might not be apparent, to

sponsibility for formulating PSD regula
tions to the states.

either the state agency or affected citi
zens.
If increments are "used up," more

3.

bly be used in each case-by-case decision.

highly valued economic benefits may be pre

AIR QUALITY PLANNING

cluded and political dissatisfaction with
EPA has identified two approaches that

the regulations generated.

states can use to make reclassification
decisions.

In spite of the prudence of implementing

A state could react on a case-

by-case basis to each announcement of a

the PSD guidelines through comprehensive

proposed location of a major pollution

planning, many states may adopt the "ad

source.

hoc" approach simply because they do not

If the emissions of that source
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have the resources to develop the planning

"Transportation, Commerce, and Public Utili

capabilities that the comprehensive approach

ties."

requires.

tionable use for projecting growth or emis

Moreover, even those states that

The projections are also of ques

do attempt to follow a comprehensive ap

sions from the other eighteen major sources

proach may not avoid serious problems. Un

to which the guidelines apply.

realistic, utopian, or simply incompetent

these eighteen major sources are included

Twelve of

planning may be worse than ad hoc decision

in just two of the study's SIC groupings--

-making.

Chemicals and Primary Metals.

Poor planning may create uncer

tainty that will retard energy development
as well as create unnecessary environmen

5.

EFFICIENT PSD IMPLEMENTATION

Electric power plants will be the sources most

tal risks.
4.

pervasively affected by the PSD regulation.
Technological and locational emission con

EPA's PSD GUIDELINES

EPA's guidelines for implementing PSD regu

trol alternatives are more feasible and

lations rely on procedures they have pre

available for power plants than for other

viously developed for Air Quality Mainte

sources covered by the regulations.

nance Areas.

Although there are opera

addition, expansion plans for power plants

tional similarities between air quality

are known much more widely and are projec

In

maintenance and the prevention of signifi

ted further into the future than expansion

cant deterioration, maintenance largely is

plans for other sources covered by the PSD

a matter of continuing the monitoring and

regulations.

the regulation of previously controlled

that effective comprehensive planning to

sources.

For these reasons we believe

implement the regulations must begin from

"Prevention" requires a much

more extensive and accurate projection of

an accurate and geographically specific

future energy and economic development.

projection of power plant expansion and an

EPA's guidelines suggest that the required

assessment of the impact of the regulations

projections be made by using economic pro

on this expansion.

jections for Air Quality Control Regions

5.1

FORECASTING POWER PLANT EXPANSION

(AQCR's) that were made in 1975 by the
Department of Commerce.

There are several techniques available for
forecasting the efficient, or least cost,

It is doubtful,

however, that these projections will be

expansion path for an electric utility sys

adequate for efficient planning in very
many states.

tem. (2)

The original study from

power plant sites as independent rather

which these projections were derived was

than dependent variables.

done in the 1960's by the Department of

Recently, G.

Provenzano developed a linear programming
method which is "site dependent" and also

Commerce and the Department of Agriculture
in order to assist in the formulation of
regional economic development policy.

includes water constraints in finding the
least cost expansion path.(3) However,
Provenzano does not consider air quality

From an air quality planning standpoint
their most serious weakness is that data
for electric power plants are not projec
ted separately.

Most of these techniques treat

constraints.

In fact, they were inclu

We use two models to develop a geographi

ded in the SIC (Standard Industrial Clas
sification) "Public Utilities" which is

cally specific expansion plan for a util

then combined with nine other SIC classi
fications to form the diverse aggregate

constraints such as the PSD regulations.

ity system that must satisfy air quality
The first model forecasts a schedule for
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introducing new plants and phasing out old

candidate expansion sites are selected

plants by type and size that meets projec

based on their proximity to coal, water,

ted demand at least cost.

The second mod

and transport facilities.

Then the Illi

el then finds a set of sites that minimi

nois EPA Dispersion models are used.(11)(12)

zes fuel transport costs, satisfies both

These models are based on the national EPA

air and water constraints, and keeps to
the optimum schedule, at minimum cost.(4)

models but have been expanded to include
Briggs plume rise formula and additional

The first model used is the WASP (Wein

receptor measurement sites.(13) (14)

Automatic System Planning) program.

each of the fossil fuel candidate plants

WASP

At

was developed by R. T. Jenkins of TVA and

we place a coal fired power plant which

D. S. Joy of Oak Ridge National Laboratory
for use by TVA.(4) It is based on work

meets the new source performance standards

done by Anderson; Booth; and Balerious,

emissions per 106BTU.

(NSPS) of 1.2 pounds of sulfur dioxide
We fix a capacity

Jamoulle, and de Guertechin.(2)(6) (7)

for each plant size which is the maximum

Since it is well documented, we only brief -

within the problem's mode. That is, when
we are in a Class III mode, where the Class

ly describe it here.(5)(8)(9) (10)

III guidelines apply, we fix the capacity

Inputs into WASP include plants now on
line; scheduled introductions and removals;
candidate expansion plants (where each
size-type, such as 400mw high sulphur coal

of each plant at the maximum which meets
the national secondary emission standards;
when we are in the Class II mode we fix

fired with scrubbers, constitutes a candi

each capacity so that the class II emission
guidelines will not be exceeded.(15)

date plant); projected operating and capi
tal costs of each candidate plant; fore

The EPA models allow the placement of 900

casted seasonal or monthly peak load de

receptors in a region and measure up to

mand; maintenance schedules; probability

500 point sources.(12)

of forced outages; and reliability require

each utility service region separately, we

ments.

expect no more than seventy candidate sites

WASP developes the load level curves

and uses probabilistic simulation to deter
mine the expected operational costs for

Since we will model

for our point sources, so it is clear that
an accurate assessment of possible viola

each possible plant expansion configura

tions of the guidelines can be obtained.

tion.

The violations recorded at a receptor k

From the configurations which meet

the demand and reliability requirements,

yield the constraints (3) in the model below.

the program uses dynamic programming to

The model which we believe should be used

select that configuration which minimizes
the sum of operating and capital costs

to site the required plants as determined
by WASP is the following:

discounted at individual rates to a spe
cific base year.

Min

The program allows up to

thirty years in the planning period and

c ..x . .

iJ i)

(1)

such that

can handle 200 alternative configuration

N

I

states in any one year with a maximum of

i=l

2000 total configurations.

N
5.2

JV

ij

I

MODELING AIR QUALITY CONSTRAINTS

x . . = R.
iJ
J

(2)

k = 1,.. •,K

(3)

i = i ,••.,N

(4)

M

i= l j=x aijkXij - Pk
The next phase of the procedure is to de

j = 1,.. . ,M

M

I

termine the air quality constraints. First,

j=l
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b ..x. . < W.
il ii - i

equation stipulates that the total amount

x .• = 0 or 1
iJ

Each

. is a 0,1 variable which repre

sents an expansion plant of size-type j
at site i.

The expansion candidate types

of water required at site i does not exceed
the amount of water available, W^.
The output from this model will indicate

will include high sulfur plants with scrub

where new electric power plants should be

bers, low sulfur plants without scrubbers,
nuclear, and oil plants. The candidate
sizes will vary from small peak load plants

located to meet the demand at least cost,
while adhering to the environmental con
straints.
Thus, by running different prob

of 25mw to large 2000mw base load plants.

lem modes or classification scenarios a com

The correct mix of plants to introduce is
represented by equations (2) in the model

parison of the results will yield an accu
rate assessment of the economic, energy,

where Rj is the required number of plants

and environmental consequences of the PSD
classifications on electric power expansion.

of size-type j determined by WASP. The
objective function, in equation (1), has
coefficients c —

which represent the fuel

transport costs and possibly transmission
costs associated with a plant of size-type

5.3

MODELING ADDITIONAL POLLUTION SOURCES

Finally', it should be noted that this model
can be easily expanded to include other
major pollution sources (OMPS).

j at site i.

In the

simplest form the allowable measurements,

The air quality constraints, in equation

P^, for the utilities would be reduced at

(3), are determined by the dispersion mod

various receptors where the OMPS would be

els. For each problem of meeting Class II

expected to contribute to the readings. In

or Class III constraints every receptor

fact, some states may decide to specify

has permissible readings of the pollutants

such a reduction a priori in order to re

measured for 3 hour maxima, 24 hour maxima,

tain a residual for potential future expan

and an annual 24 hour average.

sion of OMPS.

Each re

ceptor, k, where the dispersion model indi

It would be preferable if an analysis of

cates a reading in excess of the permissi

the expansion requirements of the OMPS

ble pollution concentration, P^, deter

could be obtained, which is similar to

mines a constraint. The a ^ ^ coefficient
in the kth constraint represents a conver

WASP's analysis for electric power expan
sion, for then the dispersion model and
assignment model could be expanded, in the

sion of emissions from a plant of sizetype j located at site i to the reading at
receptor k.

obvious manner, to include these OMPS. This

Thus, the total emissions

would have the benefit of allowing all
sources, in essence, to compete for "availa

contributing to the measurements at recep
tor k must not exceed P^.

ble" clean air rather than assign a certain

The remaining constraints (4) apply to

percent to the OMPS, as does the scheme re

water.

ferred to above.

While water constraints arise pri

Until a methodological

marily in the form of selecting candidate

equivalent of WASP for the OMPS is devel

sites, we have candidates which support

oped, however, our model will be expanded

some plant size-types but not all.

to include the known expansion plans for

Thus,

we insure sufficient water availability
with the constraints in (4); the b ^

OMPS.

co
Implementation of the methodology presented

efficient indicates the amount of water

here will clearly require a considerable

required by aplant of size-type j , so each
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empirical effort to gather the required

7.

Booth, R.R., "Optimal Generation Plan

data and to carry out the required calcu

ning Considering Uncertainty," IEEE

lations.

effort will be essential if states are to

Transactions on Power Apparatus and
Systems, Vol. PAS-91, pp. 70-77, Jan-

improve on ad hoc methods for determining

uary-February, 1972.

However, we believe that such an

classifications and for issuing permits to
expanding industries.

8.

tion System Expansion Model; Combustion
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ENERGY - MINERALS - ENVIRONMENT
HOW NOW BROWN COW?
Bobby G. Wixson
University of Missouri-Rolla
Rolla, Missouri 65401

Abstract
Energy, technical, social, political, economic, and environmental
problems are all people related problems which will continue to in
crease along with the world's population. With the growing demands
for more energy and minerals along with the constraints of protect
ing the environment, new approaches must be considered to these
complex problems.
Energy sources, modifications, alternatives, and new developments
must be considered for the present as short term resources (next 2530 years) and in the future as long range research necessary to
develop and implement new technology (25 years on). Major energy
sources and their environmental considerations are generally
classified as:
I.
II.
III.
IV.

FOSSIL FUELS - petroleum, natural gas and coal.
SOLAR - temperature and climatic effects.
NUCLEAR - fission and breeder reactors.
ALTERNATIVE METHODS - wind, tide and waves, hydroelectric
and geothermal techniques.

In the immediate future increased amounts of fossil fuels will be
utilized for electrical generation and the concentrating and refin
ing of metal resources. This approach to energy and related envi
ronmental problems must emphasize a "steady state" system. To meet
these objectives recommendations are presented for: a decreased
personal energy demand, better energy management, practical
evaluations of the cost/benefit ratio required for energy to produce
fuels and minerals, and new considerations of environmental impacts
by the total system analyses of energy consumed and yielded.
INTRODUCTION
People, their numbers, concentrations, geo

sometime between 1985 and the year 2000.

graphic location and desire for an improved

Energy, technical, social, political,

standard of life create most of the pro

economic, environmental and other major

blems associated with the necessity for

problems are all people related problems

increased amounts of food, mineral resourc

which will continue to increase along with

es and energy.

the population.

At the present time more

With the growing demand

than 75 million people are added to the

for more energy and minerals coupled with

human race every year.

the constraints of protecting the environ

In 1976 over 4

billion people were living on the planet

ment, one often remembers the childhood

Earth with demographers predicting that the
world's population would double again

quote "How Now Brown Cow?" when faced with
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solving these complex interwoven problems.

ENERGY SOURCES
Energy problems are an ever present part of

potential environmental problems associat

our existing and future life style and new

ed with oil.

modifications, alternatives and develop
ments must now be faced.

Presently the United States is faced with

Clark (1) has

the problem of petroleum and natural gas

stated the problem rather simply as "It
takes energy to get energy".

shortages within its sphere of influence

He has stress

ed that net energy is significant rather

exist at the present.

than gross energy calculations so often
cited.

even though a world shortage does not
This problem is

illustrated by Figure 1 which indicates

Net energy is defined as what is

how the world's countries would appear in

left after processing concentrating and

size based on their percentage of total

transporting energy to the consumers is

oil production.

subtracted from the gross energy of re

According to Meyerhoff (2)

some 491 giant oil fields produce 791 of

sources in the ground.

the known world oil and gas reserves with

Our present energy situation may be viewed

over 60$ of these fields to be found in the

in two phases as;

Middle East arid USSR area.

The U.S. and

Canada have discovered and developed their

(1)

Utilization of our short term
resources (next 25-30 years).

large oil fields and must now face the geo

(2)

Development of long range research

political question of continuing a petrole

and technology for transition and

um based industrial economy.

implementation by the year 2000.

vent this problem and the projected 30

To circum

years world oil reserves, the U.S. must

The Third Annual University of Missouri-

consider other "home grown" energy sources.

Rolla, Missouri Energy Council (UMR-MEC)
conference seeks to answer many of these

B.

questions stressing the need for positive

coal resources.

leadership and new approaches to cope with

resources on the same world comparison made

the energy crisis.

Coal.

for oil.

Energy sources have

The U.S. is fortunately rich in
Figure 2 illustrates these

One study for the National Acade

various types of environmental impacts and

my of Sciences (3) has projected that 1

it is important to understand the benefi

billion tons of coal will be used in 1985

cial and detrimental effects associated

(68$ above the 1972 level).

with each.

the U.S. consumed 65$ of the coal produced

Presently energy sources are

During 1973,

generally classified into the following

for electrical power generation which has

categories:

been described as a high-quality type of

I.

FOSSIL FUELS

A.

Petroleum and Natural Gas.

energy.
The econom

In this process 4 calories of coal

must be processed to yield 1 calorie of
electrical power.

ics of low cost, rich oil resources has
made the world dependent upon this form of

Many environmental problems are associated

energy and other useful by-products.

with the development of coal resources.

Environmental impacts associated with this

The properties and thermal values of coal

resource has been extensively studied and

varies considerably.

control methods developed for drilling,

associated with mining, water pollution,

Numerous factors are

trace elements, workers health and safety,
However, accidents and transportation spills and will need increased attention, research
and control. This projected increase in
have focused public attention on the many

production, transportation and refining.
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coal production will also require a strong

II .

SOLAR ENERGY

working cooperation between the coal in
While the calories of solar energy reach

dustries and regulatory agencies to allow

ing the earth are large, the concentration

the maximal resource development with
minimal

environmental impact.

of energy itself is small.

A similar

cooperative effort between the lead indust

A great deal

of research is underway to convert solar
energy directly into higher-grade energy

ries and regulatory agencies in Missouri

such as associated with the generation of

has illustrated that such an approach is
possible (4).

electricity.

A controversy presently

exists as to whether solar energy saves
II.
A.

NUCLEAR ENERGY

energy or wastes it due to the considerable

Fission Power Plant.

energy costs required for glass, plastic,

The nuclear

fission type power plants operating today

pipes, photocells, insulation and other

are concentrated mostly in the eastern

materials required for this technology.

portion of the U.S. with the remainder

Solar heaters have been used for years in

found on the west coast (5).

the sunny climates of the tropical and

The fission

reaction releases huge amounts of intense

subtropical areas of the world.

heat and through heat exchangers generates

solar heating systems now in use require an

steam to drive power plants.

auxiliary heat source using fossil fuel

Environmental

Most

concerns are thermal pollution due to

during overcast days. Since photosynthetic
coolant water or possible radioactive leaks. action of plants represent one of the best
Many consider this energy source to have a
types of biochemical machinery, the use of
restricted lifetime of 35-40 years due to

more land for agriculture would be one

the limited supply of uranium.

method of using solar energy.

B.

ful that some technological breakthrough

Breeder Reactors.

In this process the

It is hope

initial nuclear reaction produces a

during the next several years will allow

secondary nuclear reaction that creates

for a more effective and economical use of

additional radioactive fuels.

this energy source.

Present

indications are that this process has

III.

ALTERNATIVE METHODS

excellent potential for energy production
A.

if problems associated with the costs can

Wind.

The energy generated by the

winds are harnessed throughout the world

be managed along with the environmental

today.

concerns associated with the long-term

Windmills are the common method of

utilization but these are limited by size,

storage of radioactive wastes.

the cost and type of materials and speed
C.

Fusion Research.

This experimental

of wind required for operation.

Consider

process is presently being studied using

ing the energy required to manufacture the

efforts to contain the intense reaction
with laser beams, giant magnets and other

more expensive windmills and the energy

means.

generated, it appears that this type of

The goal of this research is to

energy source will have limited use for

make usable energy from the fusion react

large-scale electrical generation in the
future.

ion of the hydrogen bomb and to date all
methods tried have been very complicated

B.

and expensive.

Tide and Waves.

Electrical power has

been generated through the use of turbines
using tidal and wave action in the
732

environmental problems.

mid-latitudes of the world. Problems
associated with this source are corrosion

SUMMATION

by salt water and fouling by marine grow
ths.

A summary of existant and projected energy

This method is geographically re

stricted and the large scale use of this

sources indicate no miracle technological

source is questionable.

solutions for the immediate future.

Many

complicated technological and sociological
C. Hydroelectric. The use of dams
funneling water through turbines to

problems remain to be solved for effective
utilization of nuclear, solar and alter

generate electricity has been successful
in many parts of the world.

native sources of energy.

One question

will be required for the transition and

often raised is if the development of the
hydroelectric power is as important as the
energy that is lost to agriculture and
fisheries.

Sufficient time

implementation of new technology so for the
present, the increased use of coal and
nuclear energy remains as the major energy

Environmental problems often

option for the generation of electricity.

associated with hydroelectric installat
ions are the lack of dissolved oxygen in

New approaches to meet these energy and

the water discharged at the base of the

environmental problems must emphasize a

dams and the build-up of sediments in the

"steady state" system requiring lower

reservoir.

energy inputs.

As noted by Odum and Odum

(5) calculations of net energy required
D.

Geothermal Energy.

The process of

will be more important than the gross

tapping heat from the earth has been eco

energy calculations presently cited in

nomically feasible only in the vicinity

designing many processes.

of volcanoes or other such localized
areas.

Environmental

constraints must be developed for each

Due to this rather restricted

process based on its location, merit, waste

requirement, it is doubtful that geo

characteristic and other economic and

thermal energy will become important un

social factors.

less some new type of technology is devel
RECOMMENDATIONS

oped to tap the energy contained in the
molten core of the earth.

Based on the existant knowledge and utiliz
ation of energy and minerals, pertinent

MINERAL RESOURCES

recommendations are for:
Mineral resources require energy for each

(1)

A decrease in personal energy

(2)

Better energy management during the

stage of development from mining to the
finished product.

demands in the future.

Most of the rich near

surface minerals have now been mined and

next 25 years transition phase
while alternative energy sources

processed so that future minerals must
come from poorer - deeper deposits that

are being developed.

will require additional energy to produce,

(3)

concentrate, and transport the minerals.

A practical evaluation of the cost/
benefit ratio required for energy

The National Academy of Science study of

to produce fuels and minerals.

Minerals and the Environment (3) has

(4)

stressed that technology can provide only

An evaluation of mineral resources
in net energy type units necessary

limited solutions which will require

to develop-produce-concentratetransport and utilize minerals.

extensive lead time for implementation
along with potential crucial
733

(5)

A consideration of environmental
constraints by the total system
analyses of energy yielded and
consumed rather than as an
individual environmental impact.
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OPTIMAL FUEL SUPPLY CONTROL FOR ELECTRICAL ENERGY
SYSTEMS - A REAL TIME COMPUTER TECHNIQUE
J. Deraid Morgan and Richard A. Smith
University of Missouri - Rolla
Rolla, Missouri
Abstract
The techniques of linear-integer programming are applied to the
problem of supplying coal to power plants. A heuristic technique
for optimizing the supply of coal to power companies is created. The
optimization minimizes the purchase, transportation, and demurrage
costs of coal subject to power system operations, power plant de
mands, coal purchase supply, power plant coal handling operations,
and transport options. A procedure for calculation and analysis of
cost sensitivity of optimal solutions to input data perturbations
is presented which utilizes the optimizing technique.
The nature of the constraint set developed allows for the in
clusion of loading and unloading operations in a fine-tuned sense
for transportation problems. The results are applicable to trans
portation problems for which a homogeneous product is shipped by
inhomogeneous methods, and this application includes problems such
as grain transport, iron ore transport, etc.
I.

and nuclear is expected to be about 50%

INTRODUCTION

and 50%, with hydro generation supplying

Power systems are the means by which

a very small portion [2], The fossil fuel
resource has three contributors: coal, oil,

electricity is generated, transmitted, and
distributed for industrial, commercial,
and private household use.

and natural gas.

An important

accounted for approximately 56% of the

aspect of power system operation is the

generation split among all fossil fuel

production of electricity in as inexpen
sive a way as possible.

plants [3].

The area of pro

situation may cause a dramatic change in

cost associated variables is the genera

the percent use of coal by power companies.

In generation of electri

The change in importance of these factors

cal energy, the type of energy conversion

has been precipitated to a large extent

process used and its associated energy
source are the main sources of the produc
tion costs.

by the 1973 Arab oil embargo.

The subse

quent shortage of oil as a result of the

The primary energy sources

embargo caused many power companies and

for power generation in the U.S. are fos

other world wide users to switch their

sil fuel, nuclear, and water.

energy use from oil to coal; and this

The split of generation among these

switch, at least in the U.S., was encour

energy sources is currently 82%, 1%, and
17% respectively [1].

However, several factors of

importance in the world-wide coal supply

duction that has a majority of production
tion process.

In the past, coal has

aged by a relaxation of EPA air quality

By the year 2000

standards.

the generation split between fossil fuel

Also a shortage of natural gas

reserves is building, which will soon
736

In spite of the fact that a sufficient

cause this energy source to become virtu
ally extinct for power company use.

reserve to fulfill the expected increase

Fin

ally, the lead time required for construc

in demand of coal exists, the U.S. coal

tion of nuclear power plants is increasing

situation has one very important problem--

because of continual uncertainties de

the actual amount of coal sold on the mar

veloped from environmental concerns, and

ket that is acceptable for use by power

this delay will not allow nuclear power to

companies is low.

assume a significant share of energy re

supply are threefold:

sources for an extended time.

tion,

Therefore

The reason for this low
(1) low coal produc

(2) poor coal quality, and (3) trans

greater portion of, and eventually almost

portation problems.
The low production of coal began im

all of, the fossil fuel generation in the

mediately after World War II.

U.S.

time oil and natural gas production were

coal will be required to assume a much

[4-13].
A reasonable question to ask after

At that

at high levels as a result of supporting

identifying coal as the most important

the war effort, and these resources natu

available energy resource is whether or

rally began competing with coal as a por

not it exists in sufficient quantity to

tion of the energy supply to power com

meet the expected demands.

panies.

Estimates of

Later in the mid-fifties, the use

U.S. coal supplies are numerous, and the

of nuclear reactors as an inexpensive

results of these estimates place the re

energy source was viewed as the eventual

serve of coal at anywhere from 200- to

leader of all energy production in the

900-years-supply for present rates of con

world.

sumption [14-17].

additional compounding problems in coal

Perhaps a more conser

Then during the 1960's and 1970's,

production occurred.

The Federal govern

vative and reliable estimate is made, in ref
erence [3]. This estimate, based upon cur

ment begain imposing more regulations on

rent mining methods, restricts the re

the construction of mines and mine safety,

serves to coal beds greater than 28 inches

and coal mining companies experienced se

thick and under less than 1000 feet of

vere labor troubles.

overburden.

discouraged mine owners from seeking new

The known reserves described

All of these factors

with these characteristics number 394

sources of capital needed for opening new

billion tons.

mines.

Further restrictions on

Consequently the production of

acceptable heat content and recovery rate

coal has slumped.
Coal quality has impacted coal sup

of underground mining techniques, reduce

ply in a fashion different from that of

their amount to 104.6 billion tons.

production.

these known reserves, such as limits on

As

The problem of coal quality

suming a large yearly increase in produc

is with respect to air pollution regula

tion of 5%, this quantity of coal will

tions and with respect to over-all boiler

last for 104 years.

furnace operation relating to certain coal

This conservative

estimate still allows coal to be a pri

combustion characteristics such as slag

mary energy resource for the U.S., and if

ging, fouling, moisture

used to its full potential, will allow a

Even though the 1973 Arab oil embargo

sufficient span of time for fusion re

caused a relaxation of air quality stan

actors, fast breeder reactors, or solar

dards, these changes cannot last forever.

energy sources to be designed and placed

Restrictions on sulfer oxide and nitrogen

into production as supplemental or re

oxide emissions from power plants will be

placement energy sources.

reimposed, and when they are, not all the
737

and heat content.

coal being sold will be able to comply

increase.

The high demand placed upon a

with these restrictions; i.e., there will

low supply causes the high price.

in effect be even less coal available.

ample, the price of coal rose immediately

The coal combustion characteristics

For ex

after the Arab oil embargo from an average

cited above affect the available supply in

of $7 per ton to an average of $30 per ton,

a different way than pollution regulations.

and the price is still rising.

The increased demand of coal means that

When operating a system under con

power companies may be forced to burn coal

ditions of high expense, determination of

of improper slagging characteristics or

a means of optimizing the system operation

heat content for a given boiler furnace

in order to reduce costs is a reasonable

design.

objective.

This action causes decreases in

The coal supply situation for

furnace efficiency, and consequently re

the power industry is such a system.

sults in higher operating costs and more

combination of high demand, low supply, and

expensive forced outages.

restricted transportation for coal supply

If power com

The

panies restrict themselves to not buying

suggests that even slight improvements of

coal of poor combustion characteristics,

purchasing policies may produce significant

their available market supply will be re

savings.

duced.

power company may spend several hundred

Even with the opening of the

For example, a typical midwestern

Western coal fields, the problem of quali

million dollars for coal in one year.

ty is not solved.

a one percent savings in cost for a single

For even though Western

coal is low in sulfur content (acceptable

Even

year represents a large dollar amount.

to pollution standards), it is poor in

The purpose of this research is to

heat and slagging characteristics when

determine a heuristic technique for opti

burned in plants built to use Midwest or

mizing the supply of coal to power compan

Appalachian coal.

ies.

The problem is enhanced

if Western coal is mixed with Midwestern
and Appalachian coal for these plants.

The problems of supply and demand

associated with coal supply necessarily re
In

duce to programming problems, i.e., a de

some cases, due to the high calcium con

termination of optimal allocation of lim

tent of Western coal, eutectics can be

ited resources.

These problems are char

formed in the boiler furnace that are ex

acterized by the desire to minimize or

tremely difficult to tap or collect with

maximize a cost or objective function sub

existing plant slag and ash handling fa

ject to certain operating constraints that

cilities .
The problems of reduced production

describe a system process.

and the narrowing of acceptable coal qua

ing, and unloading coal at power plants

The coal pro

curement process of purchasing, transport

lity boundaries are accompanied by nation

fits into the description of programming

wide coal transportation difficulties.

problems.

The U.S. suffers from a chronic lack of

sents only one part of the total energy

coal freight cars and crowded riverways,

supply process to the consumer.

the two principal modes of coal trans

part of the energy supply is the conver

portation.
All of these supply problems create

sion of coal energy into electrical energy,
and the transportation of that electrical

the classical economic problem of supply

energy to the consumer.

versus demand and its accompanying ramifi

siderations of this part are often called

cations.

economic dispatch of power.

In this case, these ramifica

tions are forcing the cost of coal to

However, coal procurement repre
The other

The economic con
The boiler-

turbine-generator conversion of coal energy
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to electricity, the efficiency of such con

power companies (18-22) while others solve

version, and the losses incurred in the

problems for other commodities (23-28).

transmission and distribution are the main

Finally, a third group of papers exist

points of concern in economic dispatch.

which are only indirectly concerned with

Clearly a total optimization of coal supply

optimal resource allocation (29-41).

must also account for its use in the power

The first group of five references

plants as well as its procurement.
The procedure used here to accomodate

contains works that used linear programming,

the coal supply problem to optimization

supply problems for power companies.

will be to allow for operation within the

erences (18-20) demonstrate the possibility

existing utility frameworks for purchas

of using a linear transportation model for

ing, transporting, and handling of coal.

mat for solution.

That is, normal contract procedures, cur

use of three simulation models for coal

rent transportation routes and devices,

supply to the Ontario Hydro Company.

and present coal handling processes at

ally, reference (2 2 ) generalizes the re

generating plants will be followed; and

sults of using various techniques of oper

existing economic dispatching algorithms

ations research for coal supply be Great

will be used. This approach will: (1)
speed the implementation of the algorithm

Britain's Central Electricity Generating

by the power industry;

(2) account for the

and simulation techniques to study coal
Ref

Reference (21) shows the
Fin

Board.
The second group of references cited

limitations of existing transportation

consisted of vehicle scheduling algorithms

route options;

and multiproject scheduling.

(3) assist in minimizing

Reference

demurrage costs; and (4) include power sys

(23), a ship scheduling method, identifies

tem operations as a parameter of interest

points of interest as being allocation and

in the coal supply process.
In deriving the actual algorithm,

ual design which build constraints involv

either linear-integer or non-linear pro

ing time and capacity limitations both on

gramming optimization techniques may be

ships and ports.

used.

lem for coal supplied to steel mills was

scheduling, ship acquisition, and concept

In this research, linear-integer

A barge unloading prob

programming is used as much as possible.

investigated in reference (24). References

The portion of the problem for which this

(25) and (26) studied ship scheduling prob

technique is best suited is the purchase,

lems that assigned a sequence of cargoes

transportation, and unloading of the coal.

to ships in order to maximize profit.

The .power systems operation portion (eco

Routing and scheduling of truck shipments

nomic dispatch) has been studied and well

was studied by reference (27).

documented.

Finally,

reference (28) presented a linear program

Optimization of economic dis

patch uses various techniques of non

ming formulation of multiproject and job-

linear programming with reasonable suc

shop scheduling problems.
The third group of papers included

cess, and no attempt will be made to re

transportation problem formats (29-33).

design or invent new techniques.

Also, stochastic observations of specific
II.

REVIEW OF THE LITERATURE

problems were investigated in references

Numerous papers exist on the subject

(34-37).

References (38-41) included ap

of procurring, shipping, and handling a

plications of the knapsack problem formu

homogeneous commodity.

lations, tanker scheduling, and maximum

Some of these

works deal directly with coal supply to

utility objective function formulations.
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All of the works cited above are lack

to fine-tune the shipping schedules through

ing in some fashion or other in being ap

appropriate variable identification and ob

plicable to the problem studies in this

jective function manipulation in order to

research.

minimize demurrage costs.

The main theme expressed in m

However, once

most of them is the use of the transpor

again the constraint set of eqs. 2.1-2.5

tation problem format in some manner simi

does not lend itself to modeling this prob

lar to that shown in equations 2.1-2.5.

lem.
All of the references overlook the

minimize

2.1

:E c . x . .
ID
ij 13

effect of a supply schedule on the eventual
use of the shipped product at the desti

n
£ x. .=ai ;ail°!ii=l, .. ,m
=i 13
m
Ex.. = b .;b.>0;:j= k ..,m
.=i 13 D D-

nation.

2.2

In the case of power system coal

supply, this point questions how the coal
purchased for a power plant affects its
2.3

generation level setting with respect to
the other power plants in the system for

m
n
E a. = l b .
,=i 1
D=1 3

2.4

a given load profile.

The answer to this

question will require a model of a power

x. .>0
2.5
IDThis formulation is too restrictive to ac

system to a given coal supply schedule.
Finally, a number of sources reviewed
here were simulations of processes in order

count for all options needed to be con

to determine better modes of process oper

sidered for an adequate coal supply model.
For example, consider a coal purchase con

ations.

Simulation techniques for resource

straint that allows a coal shipment to be

allocation problems can be cumbersome be

sent to only one of several locations, and

cause of the need to continuously alter

that no more than a specified maximum and
no less than a specified minimum amount

process parameters to seek better solutions.
Linear-integer programming is more advan

of coal must be selected for the shipment.

tageous than simulation because parameter

The problem here is first to determine a

inputs are by extreme limits, and the par
ticular algorithm chosen optimizes process

means of describing whether or not the

performance within those limits without

coal shipment has been purchased; then to

user interference.

assure that the solution algorithm does

Also, if an optimal

solution to a resource allocation problem

not consign part of the shipment to each
of its destinations; and finally to select

exists, then most linear-integer program

how much coal within the specified minimum

ming methods are guaranteed to converge to

and maximum limits should be purchased.

that solution.

Constraints of this kind and others of

III.

similar complexity cannot be cast into the
form of eqs. 2.1-2.5.

The coal supply process for a power
company begins with the power company in

Another point of consideration is

vestigating various supplies of coal on

that transportation problem formulations

sale.

account for purchase and transportation

The investigation centers mainly on

determining if a given coal supply has

costs, but do not account for demurrage

coal that is of suitable quality for com

costs caused by extended queues at the
product sources or destinations.

COAL SUPPLY PROCESS

bustion in any of the power company's

In the

boiler furnaces.

coal supply process, an opportunity exists
740

The qualitative analysis

includes Btu content, ash fusion

After the contracts for coal supplies

characteristics, slagging characteristics,
fouling characteristics, moisture content,

have been concluded, actual shipment and

grindability, and sulfur content.
If the coal supply meets the quality
specifications, negotiations may begin with

use of the coal may begin.

a seller for a purchase contract.

washed.

A large

Usually, coal

sold to power companies has been screened
and crushed after mining, but has not been
After the preparation of the raw

variety of problems are encountered in the

coal, it is loaded onto some conveyance

contract process that include commerce
laws, tariffs, transportation, trade or

for shipment to the power plant.

veyance may be river barge, railroad car,

ganizations, unions, etc.

or truck.

Also, a number

The con

Sometimes the coal is trans

of people may take part in the negotiations

ported by conveyors to the power plant if

including brokers, wholesalers, sales

the power plant is close to the mine mouth.
Once the loading operation is com

agents, and retailers. Eventually the con
tracts that are concluded are of two kinds:

plete, the actual shipment of the coal be

long term and spot.
The long term contract arrangement is

mine preparation plnat and onto the main

gins.

The shipping units move out of the

used by power companies to certain them

avenues of transport.

selves of an adequate reserve of coal for

mains on its original carrier all the way

an extended period of time.

to the power plant.

The time span

Usually the coal re
This operation is par

of the contract may be five to thirty-five

ticularly true for railroad shuttle trains

years, and the contract is usually negoti

where a string of rail cars and locomotive

ated directly with the mine owners or

are dedicated to transporting coal from

operators.

a mine to a power plant all the time.

The price of the coal pur

chased is low and stable.

How

ever, in some cases, particularly in the

The amount of

coal purchased is usually large and will

North-East of the U.S., the transportation

constitute along with one or two other

costs can be reduced by switching, for

similar contracts most of the coal re

example, from rail transport to river or

quirement at one power plant.

coastal water transport, and then proceed

The long

term contract arrangement lends itself

ing to the power plants.

well to the use of the shuttle train con

tippling operation is required for the

cept of rail transport and hence serves to

transference, and thus additional delay in
shipment and cost results.

reduce transportatiop cost.

Finally, upon

arrival at the plant, the transporting

In contrast to the long term contract
is the spot market purchase.

In this case a

units queue for unloading by the power

It is

characterized by being short term even to
the point of dealing only with a single

plant equipment
The unloading procedure and unloading

shipment of coal to a single power plant.

rates are governed by the methods of coal

It is usually high priced and small quan

transport to the plant.

tity.

to 3500 ton capacity, can arrive in tows

The quality of different purchases

will vary considerably, and the costs of

The barges, 800

of from one to twenty and are unloaded

spot purchases are higher than long term

from the riverbank or pier by rotary scoops

contracts.

or cranes.

The spot purchase can be used

Rail cars, 50 to 100 ton ca

as the sole contract supply for a power

pacity, can arrive in groups of up to 100

plant or used as a supplement for long

cars and are pulled over a hopper under

term contract deficiencies at a power

neath the railroad tracks to be dumped.

plant.
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Finally trucks are usually dumped by the

(2)

truck driver into a conveniently located
hopper.

purchases including location
(loading, in transit, unloading),

The coal that is received is weighed
and sampled.

price (purchase,transport, demur

Then it may be immediately

rage) quantity, and quality.

burned in the power plant boiler furnaces
or stacked out to the storage pile.

status of all contracted coal

(3)

The

all power plant coal stockpile
quantities and prices.

burned coal creates steam that is used in

(4)

the steam turbine - electric generator .

forecasted power plant loads for
a time period of interest.

energy conversion process to create elec

All of the data points 1, 2, and 3 require

tricity.

communication facilities between the com

The individual power plant elec

tricity generation levels are usually set

puter and coal sellers and the power plant

so that economic burning of the coal is

operators.

maintained [42-47].

system load forecasting techniques that are

IV.

Point 4 requires using power

already available.

PROJECTED OPTIMIZATION PROCEDURE

The need for data be

comes apparent after considering the oper
The best use of the optimization of
coal supply is in a large power company or
a power pool.

A power pool consists of a

linear-integer programming.

for the purpose of planning transmission

A brief flow

chart of the interaction of these three

and generation for pool members and/or

stages is shown in Figure 1.

arranging intra-pool power exchanges.

The first

stage is the modified zero-one integer com

Ordinarily coal purchases are arranged by

puter program [48].

individual power pool members for their
own generation power plants. However, coal
purchases made for the member power com

This program accepts

as inputs the list of coal supplies on sale,
the list of power plant coal requirements,
and the possible destination (s) of each

panies on a pool wide basis would have an

coal supply.

advantage of reduced costs as a result of

The calculation of the pro

gram proceeds to determine a list of all

the large quantity purchasing that can be
made.

the feasible ways of purchasing coal in
order to satisfy power plant coal require
ments .

The implementation of such a purchas
ing scheme requires a primary coal pur

This list is the input of the dual

chasing office empowered with the authority

all-integer computer program [49].

to make all coal purchases for all power

This

program calculates, for each feasible pur

In order to main

chase schedule in the list, the quantity of

tain accurate records and to have the best

coal purchased from each consignment on

optimizing system possible, the primary

sale, and the order in which each consign

purchasing office must have a computer

ment of coal will be unloaded at its re

maintained data base consisting of the
following information:
(1)

The algorithm created for this research
is a three stage process that makes use of

confederation of power companies existing

plants within the pool.

ation of the optimization algorithm.

spective destination power plant(s).

This

purchase and unloading schedule seeks to

all known available coal sales

minimize purchase, transport, and demurrage

and data for them that includes

costs subject to power plant coal demands

price, quantity, location, load

and power plant coal unloading facilities.

ing date, and quality of coal.

The last stage of execution in the
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Figure 1.

Optimization Process

algorithm is the economic dispatch computer
program [50].

The procedure of sensitivity analysis

This program accepts as in

used in this research consists of perturb
ing each parameter of interest up and down

puts, the load forecast for the power sys
tem and the $/Btu and number of Btus for

from its original value for a sufficient

each coal shipment at each power plant.

number of values.

Then the coal at each power plant is dis

program and economic dispatch program are

patched on a "highest cost in first out"

rerun in sequence to determine a new total

basis for the forecasted load in the sys

cost.

tem.

each up and down perturbation of each
The costs found in the dual all-inte

The dual all-integer

A new total cost is obtained for

parameter.

The original problem total cost

ger program and the economic dispatch pro

is subtracted from each new total cost and

gram are summed to yield a total cost of

either tabulated or plotted on a graph with

operation.

A total cost of operation is

the difference of the new parameter value

found for each feasible purchasing sche
dule in the manner described above.

and original parameter value.

The

Finally, the

tabulated values or graphs are analyzed for

optimum solution is that solution which

good or bad results by a convenient cri

has the lowest cost.

teria.

An additional feature of the algorithm
is its ability to calculate the sensitivity

changes that are significantly less than

of total cost to changes in input param

influencing within their ranges.

eters.

eter changes which yield cost changes near

Parameter changes which yield cost

1% can be considered reasonably low cost

The sensitivity of the optimal

Param

solution to parameter perturbations is im

or over 1% can be considered reasonably

portant because, with proper analysis, it

high cost influencing within their ranges.

can:

(1) identify cost reduced solutions

V.

EXAMPLE PROBLEM

from the original solutions, and (2) iden
Now consider a numerical example prob

tify input parameters that cause large

lem that exercises the options and con

over-all cost changes for small errors.
The sensitivity studies used in this work

straints, for the total optimization pro

concentrate on these two objectives.

cess.

In

The particular problem chosen con

the first case, the parameters of interest

sists of three power plants interconnected

involve only the parameters that are con

into a five-bus power system network and

trollable because only they can be used to

serviced by eleven available purchases of

cause favorable cost changes.

coal for a time span of seven days.

In the

The data describing the power system

second case, the parameters of interest
are only the parameters that are uncon

is shown in Tables I-III.

Table I shows

trollable because they can cause unfavor

the power plant data, Table II shows the

able cost changes.

bus and element data given in 100 MVA,
138kV per unit base, and Table III shows
743

the peak load forecast in per unit and sys

is shown in Tables IV and V.

Type

Bus

tem load profile.
The data describing the coal purchases
Table IV

Load Percent

Voltage Limits

swing
voltage control
voltage control
load
load

1
2
3
4
5

(b)

shows the coal purchase option type, des

0.0
13.0
27.0
24.0
36.0

1.06
0.9 - 1.1
0.9 - 1.1

bus data

tination^), shipment number(s), purchase
Table III.

plus transport cost per ton, method of

Peak Load Data and System Load Profile

transport, capacity of transport units in

Day

MW

MVAR

1
2
3
4
5
6
7

8.0
10.0
11.0
11.0
10.0
7.0
6.0

6.0
9.0
8.0
10.0
5.0
5.0
6.0

tons, and the coal supply limits in tons of
coal.

Table V shows the purchase numbers,

shipment number(s) of each purchase, arri
val date(s) of each purchase, and demurrage

(a)

cost(s) per shipping unit per day for each
purchase.

Peak Load Data

Tables I-V are all the data

needed to begin the study.
Table I.

Power Plant Data

Power Plant 1
Location:

bus 1

Input-Output Curve:

y = 0.006 px2 + 2.0

Real Power Limits:

500 MW to 10 MW

p 1

+

140.0

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirement:

31000 tons.to 50000 tons

Stockpile Cost:

$8.7 x 10 7 per Btu

Power Plant 2
Location:

6

bus 2

Input-Output Curve:

y = 0.0075 p22 + 1.5 p2 + 120.0

Real Power Limits:

500 MW to 10 MW

12

18

Time, Hours
(b)

System Load Profile

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirements:

38000 tons to 50000 tons

Stockpile Cost:

$8.0 x 10 7 per Btu

T a b le

IV .

C o a l P u rch a se D ata
P art 1

Power Plant 3
Location:

bus 3

NO.

Input-Output Curve:

y - 0.014 p32 + 3.6 p3 + 100.0

Real Power Limits:

500 MW to 10 MW

OPT.

24000 tons to 50000 tons

Stockpile Cost:

$9.0 x 10 7 per Btu

2

Table II.

3

Element and Bus Data

4

Bus Code
1-2
1-3
2-3
2-4
.2-5
3-4
4-5

Impedance

Line Charging Susceptance

0.01 + j 0.03
0.04 + j 0.12
0.03 + j 0.09
0.03 + j 0.09
0.02 + j 0.06
0.005 + j 00.015
0.04 + 0.12
(a)

0.0
0.0
0.0
0.0
0.0
0.0
0.0

+
+
+
+
+
+
+

j
j
j
j
j
j
j

SHIP
NO.

$ FOB
COST/
TON

1

1
2
3
4
5
6
7

25
26
27
28
29
30
31

3

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirements:

DEST
PLANT

0.06
0.05
0.04
0.04
0.03
0.02
0.05

* R = R a ilr o a d
L = B a rg e
T = T ru ck

element data
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1
2
3
1
2
1
2
3
1
2
3

9
10
11
12
13
13
13
14
14
14
15
16
16

25

26

27

28

MODE
*

U N IT CAP.
TON

R
B
R
B
B
R
B
B
R
R
B
R
R
B
R
R
B
R
T
B
R

100
1000
50
1000
1000
50
1000
1000
50
100
1000
50
100
1000
50
100
1000
50
10
1000
50

M IN.
AM.
TONS

AM.
TONS

10000
12000
5000
5000
5000
2000
6000
6000
6000
4000

10000
12000
5000
5000
15000
4000
10000
10000
10000
6000

1000

12000

2000

8000

1000

2000

Table V.

the quantity of coal selected from each

Coal Purchase Data
Part 2

shipment, and Table VIII shows the order
Demurrage Cost Per Unit Per Day
SHIP
NO.

PUR.
NO.

1
2
3
4
5
6
7
8
9
10
11
12
13
13
13
14
14
14
15
16
16

A
B
C
D
E
F
G
H
I
J
K

ARR.
DATE
1
1
1
2
2
2
3
3
3
2
3
4
4
2
3
4
4
3
1
5
6

of unloading of each shipment at each
1

2

3

4

5

6

0
0
0

2
10
4
0
0
0

2
10
4
30
10
3

4
20
4
30
20
3
0
0
0
3
10
0
0
50
3
0
0
6
4

4
20
4
40
30
8
60
60
6
5
30
7
9
90
3
5
20
7
4
0

6
30
4
40
40
9
60
60
6
7
50
7
9
130
3
5
20
8
4
60
0

0

0

1
0

0

10
0

4

0
4

7
6
30
4
50
50
0
60
60
6
9
70
7
9
170
3
6
70
9
4
70
5

Table VI.
FEAS. SOLN.
NO.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

The first stage of the optimizing al
The list of coal

1
2
3
4
5
6
7
8
9
10
11
12
13
13
13
14
14
14
15
16
16

coal requirements listed in the tables
The re

sults of its execution are shown in Table
VI. There are 14 feasible solutions or
methods of purchasing and shipping coal
that will satisfy the power plant coal de
mands.

Each shipment number that is used

is shown in a list next to its feasible
solution number in the Table.
The second stage, dual all integer
program, is executed for each feasible
solution in the list generated by the modi
fied zero-one integer program.

1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3

4
4
4
4
4
4
4
4
4
4
4
4
4
4

5
5
5
5
5
5
5
5
5
5
5
5
5
5

SHIPMENT NUMBER

shipments available and the power plant
shown are input into the program.

SHIPMENT NUMBER LIST
6
6
6
6
6
6
6
6
6
6
6
6
6
6

7
7
7
7
13
13
13
13
13
13
13
13
13
13

15
15
16
16
8
8
8
8
9
9
9
9
9
9

14
14
14
14
10
10
15
12
10
10
15
15
12
16

11
12
12
11
15
16
12
16
15
16
12
11
16
11

13
13
13
13
14
14
14
14
14
14
14
14
14
14

Table VII.
Amount of Coal Ordered From Each Coal
Purchase for Feasible Solution 1

gorithm, modified zero-one integer pro
gram, is executed first.

Feasible Purchase Schedule

to
to
to
to
to
to

Power
Power
Power
Power
Power
Power

Plant
Plant
Plant
Plant
Plant
Plant

TONS ORDERED
10000
12000
5000
10000
15000
4000
9000
0
0
0
6000
0
0
5000
7000
0
0
8000
2000
0
0

1
2
3
1
2
3

to Power Plant 2
to Power Plant 3

i
l

i
1

Constraints

Total Cost

$2545000

and an objective function are created that
will select the quantity of coal purchased

plant.

from each shipment and that will determine

each of the other feasible solutions.

in what order the shipments will be un

This procedure is followed for

The last stage of execution is the

loaded at their destination power plants.

economic dispatch program.

The purchasing and unloading arrangements

the dual all-integer program for each

The results of

will seek to minimize purchase, transpor

feasible solution are the inputs to the

tation, and demurrage costs subject to

economic dispatch program.

The program is

power plant coal requirements and power

executed for each feasible solution and

plant coal unloading capacities.

yields an operation cost for each feasible

The re

sults of the dual all integer execution

solution.

for the first feasible solution are shown

curement cost (calculated as the sum of

in Tables VII and VIII.

the purchase, transport, and demurrage

Table VII shows
745

The operation cost and the pro

Table X. Quantity of Coal Purchased for
Feasible Purchasing Schedule 8

Table VIII. Unloading Schedule for
Feasible Solution No. 1

SHIP
NO.

Power Plant 1
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7

1
4
7
15

SHIP
NO.

80

20
7

3

40

40

40

7
40

2
40

960

Power Plant 2
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7
10

2
5
11
13

TONS

SHIPMENT
NUMBER

TONS

1
2
3
4
5
6
7

10000
12000
5000
10000
15000
4000
0

8
9
10
11
12
13 to Pit 1
13 to Pit 2

9000
0
0
0
6000
11000
0

Total
Cost

2545 K$

SHIPMENT
NUMBER
DEMURRAGE
COST,$

DEMURRAGE
COST,$

Table XI.

2
8

7
6
2

3

SHIPMENT
NUMBER
13
14
14
14
15
16
16

to
to
to
to

Pit
Pit
Pit
Pit

TONS
3
1
2
3

to Pit 2
to Pit 3

1000
0
2000
6000
0
0
2000

Unloading Scheme of Feasible
Purchasing Schedule 8

20

Power Plant 1
SHIP
NO.

Power Plant 3
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7

DEMURRAGE
COST,$

100

3
6
13
14

80
40
60

300

100
100

costs) are summed to yield the total cost.
These numbers are shown for each feasible
solution in Table IX.
Power Plant 2
Table IX.

Results of Optimization

FEASIBLE
SOLUTION

PROCUREMENT
COST, K$

OPERATION
COST, K$

TOTAL COST
K$

1
2
3
4
5
6
7
8
9
10
ii
12
13
14

2546
2546
2545
2545
2546
2545
2545
2545
2545
2545
2547
2546
2545
2545

3569
3564
3567
3568
3558
3551
3554
3551
3556
3552
3564
3557
3573
3570

6115
6110
6112
6113
6104
6096
6100
6096
6102
6097
6111
6103
6119
6115

Power Plant 3

The optimal purchase arrangement is
shown to be feasible solution number 8 or
number 6.

Number 8 is chosen as optimal

because it had the lowest total cost before
the solutions were rounded to the nearest
kilo dollar.

The sensitivity study conducted for this

The quantity of coal pur

chased and the order of unloading for fea

example problem considers the variations in

sible solution number 8 are shown in

cost to variations in a controlled param

Tables X and XI.

eter.

The controlled parameter of interest

is the quantity of coal needed for each
power plant.

This quantity is determined

by the power company and is usually in
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part a function of each power plant's coal
stockpile quantity.

Since the quantities

of coal in the stockpiles can be allowed
to fluctuate, the power plant coal demands
can be manipulated.

Hence the purpose of

the sensitivity study is to perturb the
power plant coal requirements over a range
of values and determines the total cost
change with respect to the optimum feasi
ble purchase schedule number 8.

The per

turbation ranges chosen are +2, +4, +6, +8
and +10 percent above and below the origi
nal power plant coal requirements.

The

requirements are calculated for each per
cent for each power plant, and the entire
optimization algorithm is rerun for each
new requirement.

The results of these

changes are graphed for each comparison
and shown in Figures 2-4.
Figure 2. Graphed Results of Changing
Coal Requirements for Power Plant 1

Each graph indicates that for each
power plant, the cost of coal supply be
comes infinite for positive increases of
coal requirements in the range of 1500
tons.

This cost results from the total

coal supply available not being able to
meet the newly imposed power plant demands.
For reduced coal requirements at each power
plant, the graphs show that power plants 1
and 2 exhibit nearly linear decreases in
cost for the range of interest, with power
plant 1 showing a slightly faster rate of
decline.

However, power plant 3 is not

linear in the same range because of one
cost fluctuation that becomes positive for
a reduction in power plant coal require
ments of nearly 2000 tons.

The reason for

the sudden increase seems to be an unusual
interaction of the new shipment schedule
with the economic dispatch program.
The conclusions created from this
data are:
Figure 3. Graphed Results of Changing
Coal Requirements for Power Plant 2

(1) Increases in power plant coal
requirements quickly consume all
of the available coal supply.
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supply, power plant unloading facilities,
and various shipping options.

A procedure

for analysis of the sensitivity of optimal
solutions to perturbations in purchase
quantities was presented.

This procedure

can be used to indicate alternate shipping
arrangements that can reduce overall costs
without re-running the entire algorithm.
An important result in this work is
the inclusion of unloading operations in
transportation problems for which a homo
geneous product is shipped by inhomogene
ous methods.

The developed equations al

low for minimization of demurrage cost and
include unloading capacities at the desti
nations.

While the problems dealt with in

this research allow for time divisions of
days, the construction of the problem con
straints can allow for fine tuning opera
Figure 4. Graphed Results of Changing
Coal Requirements for Power Plant 3

tions on any time division, e.g., seconds,
minutes, hours, etc.

(2) Decreases in power plant coal
requirements yield fairly stable

well as unloading operations is straight

declines in cost for power plants
1

and

2

The extension of the

procedure to include loading operations as

.

forward, and is an application of the
given equations to account for maximum

(3) Decreases in power plant coal re

loading capacity and supply point product

quirements yield unstable de

limitations.

clines in cost for power plant 3.

not restricted to coal supply, but could

(4) If a total cost reduction is

The use of the technique is

needed, the most reliable power

be used for grain transport, iron ore
transport, etc. A second important result

plant to achieve a reduction

is the inclusion of a product (coal) use

would be power plant

at its destination as a deciding factor in

1

, because

of its stable and more rapid

selecting a purchase schedule.

cost decrease for decreasing

The most important additional work

coal requirements.
V.

that needs to be done is development of a
method to include coal quality as a vari

CONCLUSIONS

able of consideration in choosing a mini

The use of this optimizing algorithm

mum cost solution.

for power pool use will allow power pools

The foreseeable market

to buy large quantities of coal at low

situation for coal in the future indicates

cost, transport, unload, and use the coal

that there will be a high demand with a

in an optimized fasion.

low supply.

The optimization

Therefore prices for coal

process minimizes the purchase, transpor

will remain high.

tation, and demurrage costs of coal sub

to purchase the best coal, in terms of

ject to power system operations, power

quality, at the lowest price.

plant coal requirements, coal purchase

ness" of coal quality is a function of

748

Hence it is important
The "good

pollution regulations, furnace and

auxiliary component design, and even the

structuring of the problem for the most

potential recovery and sale of chemical

reliable results.

compounds from the ash and slag residue
of burned coal.

would consist mainly of determining the
best length of time for the study in terms

There are two primary problems asso

of market fluctuations and load profile

ciated with including coal quality in the
problem.

forecasting.

The first is that the behavior

BIBLIOGRAPHY

of coal in a furnace during combustion is
nearly unpredictable because the chemical

1.

Elgerd, Ollie I. Electric Energy
Systems Theory: An Introduction. New
York: McGraw-Hill, 1965. 564 pp.

2.

Mayer, Walter.
"Nuclear Energy-Availability, Reliability and Safety,"
Electrical Board of Trade Energy
Leadership Seminar, St. Louis,
Missouri, February 14, 1974.
22 pp.

3.

National Petroleum Council. Commit
tee on U.S. Energy Outlook. Other
Energy Resources Subcommittee. Coal
Task Group. U.S. Energy Outlook Coal
Availability. Washington: 1973.
287
pp.

4.

Friedlander, Gordon D. "A Comeback
for Reddy Kilowatt?," IEEE Spectrum,
Vol. 9, No. 4, (April, 1972), pp. 4450.

5.

"There's A Scrubber in Your Future,"
Electrical World, Vol. 181, No. 1,
(January 1, 1974), p. 9.

.

"Higher Fuel Prices, Taxes Expected
Under Simon," Electrical World, Vol.
181, No. 1, (January 1, 1974), pp.
25-26.

and mineral constituents of coal vary so
widely.

Thus, creation of a coal com

bustion model that is consistently correct
for all coals has not been accomplished.
The second reason is that the inclusion
of coal quality as a constraint is im
practical because the requirements of
linearity can only judge quality on hard
limits, and give no indication if one coal
is better than another.

The most reason

able approach to solving these problems
would be to adjust the price of the coal
up or down from its actual price in order
to reflect its good or bad qualities.
pensive coal would be bad

This best structuring

Ex

coal because
6

of its undesirable behavior in the fur
nace; and likewise cheap coal would be
good coal because of its desirable behav
ior.

7.

However, the price of coal used in

this optimization is required to reflect
as nearly as possible actual cost to the
power company.

.

"Energy Crisis Alters Power Use
Pattern," Electrical World, Vol. 181,
No. 1, (January 1, 1974), pp. 64-65.

9.

Wilson, Richard and William Jones.
Energy, Ecology and the Environment.
New York: Academic Press, 1974.
353
PP"Environment," Electrical World, Vol.
181, No. 8 , (April 15, 1974), p. 25.

8

This requirement exists

because the optimization includes econo
mic dispatch which requires actual costs
of

fuel and maintenance.

The actual cost

incurred as a result of coal quality is

10.

not well known for reasons explained in
the first problem.

Consequently, inclu

11.

"Hot Debate Over Basics," Time, Vol.
16, No. 3, (July 21, 1975), pp. 42-43.

12.

Young, Marvin 0. "The Promise and
Problems of Coal," Electrical
ard
of Trade--National Electric Week Pro
gram, St. Louis, Missouri, February
14, 1974, 16 p p .

13.

"'Coal by Wire' Dwindles, Conversions
Are Slow," Electrical World, Vol. 181,
No. 7, (April 1, 1974) , pp. 25-26.

14.

Ritchings, F.A.
"Raw Energy Re
sources for Electric Energy Genera
tion," Proceedings of the American

sion of quality variables in this problem
will have to wait for further combustion
analysis of coal in boiler-furnaces [51—
61] .
An additional area of research is the
quantitative analysis of errors in the
algorithm.

A procedure for calculating

these errors for each study would indi
cate after continued use the best

749

"EPA Pushes Coal Use to Save Oil,"
Electrical World, Vol. 181, No. 1,
(January 1, 1974), pp. 26-27.

Experiment Station College of Engi
neering The Ohio State University
Columbus, Vol. 31, No. 17 Bulletin
No. 189, (January, 1962).

Power Conference, Vol. 30, (1968),

pp. 6 0 8 - 6 2 6 .

15.

16.

17.

18.

19.

"Fuels: A Coal-and-Nuclear Future,"
Electrical World, Vol. 181, No. 11,
(June 1, 1974), pp. 94-97.
Berg, Paul.
"The Role of Coal: A
Burning Issue," St. Louis Post-DisPatch, Vol. 97, No. 288, (October 19,
1975), pp. 4-12.
"Decision '75: Coal Is the Answer
Now," Washington, D.C.: National Coal
Association, (1975) , 10 pp.
Hayward, A.P., C.E. Taylor, R.H. Kerr
and L.K. Kirchmayer, "Minimization of
Fuel Costs by the Technique of Linear
Programming," Transactions of AIEE
III, Vol. 76, (February, 1958), pp.
1288-1295.
Anderson, E.G. "An Electronic Ana
logue Computer for a Coal Transpor
tation Problem," Proceedings of the
Institution of Electrical Engineers,
Vol. 108, Part B, No. 37, (January,
1961), pp. 43-47.

28.

Pritsker, A. Allan B., Lawrence J.
Watters and Philip M. Wolfe. "Multi
project Scheduling with Limited Re
sources: A Zero-One Programming Ap
proach," Management Science, Vol. 16,
No. 1, (September, 1969), pp. 93-108.

29.

Williams, K.B. and K.B. Haley. "A
Practical Application of Linear Pro
gramming in the Mining Industry,"
Operational Research Quarterly, Vol.
10, No. 37 (September, 1959) , pp.
131-137
Conley, J.H., R.S. Farnsworth, E.
Koenigsberg, U. Wiersema. "A Linear
Programming Approach to the Total
Movement of a Homogeneous Product,"
Transportation Science, Vol. 2, No. 4,
(November, 1968), pp. 289-302.

30.

31.

Berrisford, H.G. "The Economic Dis
tribution of Coal Supplies in the Gas
Industry: An Application of the Linear
Programming Transport Problem,"
Operational Research Quarterly, Vol.
11, No. 37 (September, 1960) , pp.
139-150.
Laderman, J., L. Gleiberman and J.F.
Egan. "Vessel Allocation by Linear
Programming," Naval Research Logis
tics Quarterly, Vol. 13, No. 3,
(September, 1966), pp. 315-320.

20.

Morgan, J.D., R.A. Smith and L.S.
VanSlyck.
"Coal Supply Optimization
on the AEP System," Proceedings of
the Midwest Power Symposium,
(October 21-22, 1974).

32.

21.

Gillies,
and W.H.
Stock in
Canadian
Society,

pp. 2 9 - 4 5 .

33.

Parkinson, W.L. and David Taylor.
"Operational Research in the Central
Electricity Generating Board," Opera
tional Research Quarterly, Vol. 16,
No. 2, (June, 1965), pp. 133-143.

Hammer, Peter L. "Time-Minimizing
Transportation Problems," Naval
Research Logistics Quarterly, Vol. 16,
No. 3, (September, 1969), pp. 345-357.

34.

Eddison, R.T. and D.H. Owen. "Dis
charging Iron Ore," Operational
Research Quarterly, Vol. 4, No. 3,
(September, 1953), pp. 39-50.

35.

Brisby, M.D.J. and R.T. Eddison.
"Train Arrivals, Handling Costs, and
the Holding and Storage of Raw
Materials," Journal of the Iron and
Steel Institute, Vol. 172, Part 1,
(October, 1952), pp. 171-183.

36.

Steer, D.T. and A.C.C. Page. "Feasi
bility and Financial Studies of a
Port Installation," Operational
Research Quarterly, Vol. 12, No. 3,
(September, 1961), pp. 145-160:

37.

Bouland, Heber D. "Truck Queues at
Country Grain Elevators," Operations
Research, Vol. 15, No. 4, (JulyAugust, 1967), pp. 649-659.

38.

Senju, Shizua and Yoshiaki Toyada.
"An Approach to Linear Programming
With 0-1 Variables," Management
Science, Vol. 15, No. 4, (December,
1968), pp. B-198 - B-207.

22.

23.

24.

25.

26.

27.

D.K.A., J.G.C. Templeton
Winter. "Optimum Safety
a Coal-Ordering Problem,"
Operational Research
Vol. 3, No. 1, (March, 1963,

Whiton, Justin C. "Some Constraints
on Shipping in Linear Programming
Models," Naval Research Logistics
Quarterly^ Vol. 14, No. 2, (June,
1967), pp. 257-260.
Dyer, James S. and Fred Glover. "A
Barge Sequencing Heuristic," Trans
portation Science, Vol. 4, No. 3,
(August, 1970), pp. 281-292.
Appelgren, Leif H. "Integer Program
ming Methods for Vessel Scheduling
Problem," Transportation Science,
Vol. 5, No. 1, (February, 1971),
pp. 64-78.
Appelgren, Leif H. "A Column Genera
tion Algorithm for a Ship Scheduling
Problem," Transportation Science,
Vol. 3, No. 1, (February, 1969), pp.
53-68.
Miller, Robert F. "An Analysis of a
Motor Freight Problem," Engineering
75 0

39.

40.

41.

Eilon, Samuel and Nicos Christofides.
"The Loading Problem," Management
Science, Vol. 17, No. 5^ (January,
1971), pp. 259-268.

No. 11, (November, 1967), pp. 18771885.

Suganami, Saburo, Yoichi Sorimachi
and Ako Sonobe. "Tank-Tanker Problem
Optimization of Tank Capacity and
Determination of Tanker Schedule,"
Journal of the Operations Research
Society of Japan, Vol. 16, No. 1,
(March, 1973) , pp. 1-14.
Bellmore, M . , G. Bennington and S.
Lubore. "A Multivehicle Tanker Sched
uling Problem," Transportation
Science, Vol. 5, No. 1, (February,
1971) , pp. 36-47.

42.

"Moving Coal from Pit to Power Sta
tion," Electrical Journal, Vol. 165,
No. 7, (August 12, 1970), pp. 384-385.

43.

Forsythe, J.R. "Energy Transport Plans
for Coal Units," Electrical World,
Vol. 164, No. 20, (November 15, 1965),
p. 85.

44.

Elbrond, J. "The Cost of Ship's Time
in Port," N.W. Kirshenbaum and G.O.
Argali, Jr. ed. Proceedings of the
Second International Symposium on
Transport and Handling of Minerals,
Rotterdam, Netherlands, October 1-5,
1973, pp. 108-117.

45.

"Future Market for Utility Coal in
New England," Report to Office of
Coal Research United States Depart
ment of the Interior, Cambridge,
Massachusetts: Arthur D. Little, Inc.
November, 1966.

46.

Elements of Practical Coal Mining,
Cassidy, S.M. e., New York: The
American Institute of Mining, Metal
lurgical, and Petroleum Engineers,
Inc., 1973.

47.

Coal Preparation, J.W. Leonard, D.R.
Mitchell, ed., K.K. Humphreys, C.J.
Cockrell, H.E. Shafer, Jr., and E.B.
Wilson, New York: The American Insti
tute of Mining, Metallurgical, and
Petroleum Engineers, Inc., 1968.

48.

Balas, Egon. "An Additive Algorithm
for Solving Linear Programs with
Zero-One Variables," Operations
Research, Vol. 13, No. 4, (JulyAugust, 1965), pp. 517-549.

49.

Gomory, Ralph E. "Outline of an Al
gorithm for Integer Solutions to
Linear Programs," Bulletin of the
American Mathematical Society, ed.
by E.E. Moise, J.C. Oxtoby and B.J.
Pettis, Vol. 64, No. 5, (September,
1958), pp. 275-278.

50.

Dopazo, J.F., O.A.
and M. Watson. "An
nique for Real and
tion," Proceedings

Klitin, G.W. Stagg
Optimization Tech
Reactive Alloca
of IEEE, Vol. 55,
751

51.

Gent, M.R. and John Wm. Lamont. "Mini
mum Emission Dispatch," IEEE Trans
actions on Power Apparatus and Sys
tems, Vol. PAS-90, No. 6~, (November/
December, 1971), pp. 2650-2660.

52.

U.S. Bureau of Mines. Measurement and
Significance of the Flow Properties
of Coal-Ash Slag. Richard C. Corey.
No. 618. Washington, D.C.: U.S.
Government Printing Office, 1964. 61
pp.

53.

U.S. Public Health Service. Division
of Air Pollution. Atmospheric Emis
sions from Coal Combustion An Inven
tory Guide. W.S. Smith and C.W.
Gruber. Cincinnati, Ohio: U.S. Public
Health Service, 1966. 112 pp.

54.

IGCI/ABMA Joint Technical Committee
Survey. "Criteria for the Application
of Dust Collectors to Coal Fired
Boilers," Proceedings of the American
Power Conference, Vol. 29, (1967),
pp. 572-580.

55.

Bice, G.W. and A.F. Aschoff. "Trends
in Air and Water Pollution Control
Requirements," Proceedings of the
American Power Conference, Vol. 29,
(1967), pp. 581-591.

56.

Yeager, Kurt E. and Lawrence Hoffman.
"The Physical Desulferization of
Coal," Proceedings of the American
Power Conference, Vol. 33, (1971) ,
pp. 621-630.

57.

Aimone, R.J., B.J. Bourke and J.J.
Stuparich. "Experience With Preci
pitators When Collecting Ash From
Low Sulfur Coals," Proceedings of the
American Power Conference. Vol. 36,
(1974), pp. 615-620.

58.

"Classifier Project Will Yield 70,000
Tons of Salable Fly Ash," Electrical
WorId, Vol. 174, No. 6 , (September
15, 1970).

OVER ONE BILLION TONS OF COAL IN 1985:
CAN THE RAILROAD INDUSTRY HANDLE IT?
Larry C. Peppers
Creighton University
Omaha, Nebraska

Abstract
Any evaluation of our country's resource potential must carefully
consider the transport network and the constraints which it places
upon future energy development and growth. The federal government
has a vague goal of energy independence (or, at least, less energy
dependence), but it has not developed a coherent energy plan— a
critical element of which is energy transport. The paper analyzes
the uncertain coal outlook facing the rail industry, translates
these coal scenarios into alternative financial projections for
the rail sector, and clarifies the most urgent federal decisions
needed in the energy-transport policy matrix. The rail industry
is being asked to make substantial long-run financial commitments
even though it is unclear how much coal will be produced and what
the intermodal split will be between rail, truck, pipeline, and
barge. Such uncertainty raises the specter of numerous railroads
chasing after the same coal transport business. The success of
any coal-centered energy policy is, therefore, directly linked to
the federal government's ability to simultaneously formulate an
internally consistent set of national energy and transportation
policies.
It is shown that failure to consider the energy-induced
pitfalls facing the railroad industry could lead to severe finan
cial strain on the "strong" Western roads, and thus a counter
productive energy policy.
1.

transportation plan for that segment of

A COAL RENAISSANCE

the freight transportation industry which
On July 26, 1975, the United States Rail

has been most repeatedly on the verge of

way Association (USRA) released its Final

financial collapse during the postwar

System Plan (FSP) for restructuring rail

period— the nation's Class I railroads.

roads in the Northeast and Midwest (12).

As such, it will have a tremendous long-

Following up the recommendations con

run impact on both transportation and

tained in the FSP, President Ford signed
(on February

6

energy planning.

, 1976) a $6.4 billion

Table 1 highlights the

postwar stagnation experienced by the

rail-aid bill designed to underwrite the

railroad industry.

creation (as of April 1, 1976) of the

Total ton-miles of

rail freight grew only 45 percent over

governmentally funded company known as

the period from 1950 to 1973 (a compound

Consolidated Rail Corporation (ConRail).

rate of approximately 1.6 percent).

The FSP should be viewed as a de facto
752

As

shown in Column (2) of Table 1, ton-miles

(Table 2 continued)

per dollar of real GNP fell from 1.655 in
1950 to 0.944 in 1975— a forty-three

Source:

percent decline.

See (6 ).

The freight transportation outlook which
TABLE 1

emerges in the FSP for the next ten years,

TON-MILES OF RAIL FREIGHT
TRANSPORTED DURING THE POSTWAR PERIOD

therefore, is one of high rail dependence
on coal growth.

The forecasted resurgence

in national rail freight demand (and, also,
U.S.
RAIL
TON-MILES
(Billions)
1950
1955
1960
1965
1970
1971
1972
1973
1974
1975

TON-MILES
PER $ OF
REAL GNP

ConRail demand) is quickly dissipated if
the coal growth proves to be a mirage.

If

the FSP presents an accurate picture of

588
623
572
697
764
739
776
852
854
753

1.655
1.422
1.173
1.128
1.057
0.990
0.979
1.015
1.039
0.944

future rail freight demand, any significant
shifts in federal policy (affecting either
the level of coal production or the method
of transportation) will have an immediate
and pronounced impact on the rail trans
port sector.

It is increasingly apparent

that the failure of the rail sector to
experience the expected resurgence in coal

Source:

See (1).

tonnage will significantly increase the

Contrasted with this decidedly low growth

likelihood that the ConRail system will be

profile, Table 2 highlights the growth

permanently appended to the United States

outlook contained in the FSP.

Treasury and that the national rail

Between

1973 and 1980 total rail tonnage

system will be financially stagnant.

originations are projected to climb

2.

COAL PRODUCTION IN 1985

132.1 million tons, with coal growing
For the period from

While a multitude of problems are evident

1980 to 1985, the relative importance of

in surveying the uncertain energy outlook

coal as a growth catalyst is diminished

and assessing the impact on the rail

(coal provides

transport sector, there is no dearth of

112.1 million tons.

1 0 1 . 2

million tons out of

a total increase of 277 million), but

coal production forecasts.

coal remains the largest absolute source

summarizes the range of projections for

of tonnage growth.

national coal production.

If coal growth is

Table 3
In comparison

eliminated, aggregate rail tonnage grows

with approximately 650 million tons of

approximately

coal produced in 1975, Table 3 displays

2

percent a year between

a range from 738 to 1,376 million tons in

1980 and 1985.

1980 and from 930 to 2,063 million tons
TABLE 2

in 1985.

RAIL TONNAGE GROWTH:
1973-1985
(Millions of Tons)

At one extreme, coal is project

ed to grow only 43 percent in ten years
while at the other it is forecasted to
jump by 217 percent.

COAL

1973

1980

1985

Tons

Tons

Tons

375.7

487.8

589

NON-COAL

1,158.8

1,178.8

1,354

TOTAL

1,534.5

1

,6

6 6 . 6

The transport sector

is thus faced with a highly variable coal
demand picture over the next ten years.
It is being asked to make substantial
long-run financial commitments even

1,943
753

though it is unclear how much coal will

projection.

be produced and how the coal will be

arisen a multitude of problems resulting

On the supply side, there has

transported (via rail, pipeline, truck, or

from environmental concerns, legislative
inaction, wildcat strikes, and factor

barge).

bottlenecks.

TABLE 3

On the demand side, there

is also a controversy raging over the

ALTERNATIVE FORECASTS OF
NATIONAL COAL PRODUCTION

long-term growth rate for energy demand.
The low-side estimate of 896 million tons

(Millions of Tons)

of coal in 1985 incorporates approximate
1980

production over the next ten years, less

Temple, Barker
& Sloane*
Office of Coal Research*
5% Growth
3.5% Growth
Project Independence*
Business as Usual
Intermediate
Accelerated

ly a 3% compound rate of growth in coal

1985

738
879
785
895
950
1,376

National Petroleum
Council

845

1,028

than half the growth rate incorporated in
the FSP.

1 , 1 2 1

930

The last two rows in Table 4 contain the
specific coal forecasts underlying the

1 , 1 0 0

FSP.

1 , 2 0 0

2,063

At the national level, rail

originations of coal are projected to
climb by roughly

2 0 0

million tons, with

1 , 0 0 1

the increase equally divided between the

Task Group on Coal
Supply Potential*

856

MITRE Corp.*

855

972

Bureau of Mines*

806

998

1974 to 1980 and the 1980 to 1985 sub

*Listed in order, the sources are:
(11), (9), (10), (5), (4), (8 ).

periods. Note that the rail share of
national coal production is expected to
remain basically level between 1974 and

(12),

1980, but is projected to decline nine
percentage points by 1985.

Faced with this range of basic diversity

Prior to 1980

the artificial demand for low-sulfur coal

in coal production estimates, we have

(the direct result of policy decisions

chosen the following four production

pertaining to environmental standards)

scenarios to use in the rail demand

stimulates Western coal, which is much

analysis given below:

less subject to intermodal competition.
COAL PRODUCTION FORECASTS
(Millions of Tons)
1980
773
738
806
950

Low
Final System Plan
Bureau of Mines
Project Independence

After 1980, it was assumed in the FSP
that there would be more balanced growth

1885
896
1,028
998

in coal production with Eastern coal
(which has a higher sulpher content than
Western) rebounding due to the appearance

1 , 2 0 0

of more efficient scrubbers (the use of

Compared to Table 3, these projections

which may be federally mandated).

may appear conservative, but they do more
accurately reflect the current assessment

is projected to drop

of problems faced by the coal sector in
achieving rapid growth.

1 , 2 0 0

When the FSP was

percentage

percentage points can be directly
attributed to a 25 million ton slurry

million tons of

pipeline carrying coal to utilities in

coal in 1985 was considered to be an
attainable policy target.

8 . 8

points by 1985 (from 66.1% to 57.3%), 2.4

constructed in early 1975, the intermedi
ate projection of

While

the total rail share of coal production

1985.

Now, however,

The FSP notwithstanding, we have,

in October, 1976, no more definitive

we categorize this as a high-side
754

information about the future level of coal

(Table 5 continued)

production and the mode of transport than
Project Independence
(unadjusted)

was available in October of 1973.

1980

1985

627

792

TABLE 4
ACTUAL AND FORECASTED PRODUCTION
AND RAIL ORIGINATIONS OF COAL: 1964-1985
(Millions of Tons)

For 1980, there is a forecast range from
488 to 627 million tons; for 1985, the
spread is from 510 to 792 million tons.
If one throws out the Project Independence

COAL
PRODUCTION

NATIONAL
RAIL
ORIGI
NATIONS

RAIL ORIGI
NATIONS AS
A PERCENT OF
PRODUCTION

alternative, the range is narrowed greatly
— from 488 to 532 in 1980 and from 510 to
659 in 1985.

It should be mentioned that

1964

509

357.7

70.3

1973

590

376.1

63.8

recession in 1978.

1974

594

390.9

65.8

estimate for rail originations (488

1980

738

487.9

6 6 . 1

1985

1,028

589.0

57.3

Source:

See (6 ).

the FSP forecast incorporated a mild
Thus explains the low

million tons) in 1980.
The present study utilizes a quarterly
rail sector model which can be simulated

The range of possible coal production

for the purpose of evaluating alternative

estimates was summarized above.

coal scenarios.

Table 5

In simulating rail

freight demand over the period from 1976

contains alternative estimates of
national rail originations of coal.

to 1985, we have used the long-term fore

For

cast of economic activity produced by Data

example, the coal production figure
provided by the Bureau of Mines (BOM) for

Resources Incorporated.

1985 is 998 million tons of coal.

scenario incorporates a sustained economic

The

This basic

unadjusted estimate of rail originations

rebound beginning in 1975, with a

of coal based on this production figure

temporary slowdown in the rate of real

is 659 million tons; it assumes no change

growth in 1978.

in rail market share (i.e., it stays at

for rail freight demand were generated;

the 1974 level of approximately

6 6

Six separate simulations

the forecast results are summarized in

%).

Table

The adjusted BOM production series

6

.

incorporates, however, a continuously

TABLE

declining rail market share after 1980

PROJECTIONS OF RAIL VOLUME GROWTH
BASED ON ALTERNATIVE ESTIMATES
OF COAL PRODUCTION*

and produces a 1985 rail originations
projection of 571 million tons of coal.

6

(billions of ton-miles)
TABLE 5
RAIL TONNAGE ORIGINATIONS OF COAL
(Millions)

Low Growth
Final System Plan
(adjusted)
Bureau of Mines (adjusted)
Bureau of Mines
(unadjusted)
Project Independence
(adjusted)

1980
510

1985
510

488
532

589
571

532

659

589

624
755

1975

1980

1985

Bur. of Mines
Unadjusted
Adjusted

753
753

996
996

1,209
1,173

Project Indep.
Unadjusted
Adjusted

753
753

1,032
1,018

1,261
1,194

Final System Plan

753

979

1,181

Low Growth

753

986

1,146

interconnect rail volume and needed rail

(Table 6 continued)
*The production categories listed in this
table are defined in Table 3. It should
be noted that the ton-mile estimates
shown above for the Final System Plan
(next-to-last row) reflect only the coal
volume estimates contained in the Final
System Plan. All other forecast inputs
are taken from the long-term outlook
provided by Data Resources, Inc. Thus
the variation in long-term estimates is
due solely to coal.

equipment.
TABLE 7
ESTIMATED COST OF NEEDED
OPEN HOPPER CARS FOR PROJECTED
RAIL ORIGINATIONS OF COAL
(billions of dollars)
Production
Estimate*

Looking at the forecast results shown in
Table

6

Low Growth
Final System
Plan
Bur. of Mines
Ad j .
Bur. of Mines
Unadj.
Proj. Indep.
Ad j .
Proj. Indep.
Unadj.

, it is obvious that the volume

of coal production will have a tremendous
impact on ton-miles of rail freight.
Starting from the depressed 1975 level of
7 5 3

billion ton-miles, the rail model

yields a forecast range for 1980 from 979
billion to 1,032 billion ton-miles, while
the comparable range for 1985 is from
Taking the 1980 projection of 996 billion
and the 1985 estimate of 1,209 billion
ton-miles (both based on the latest
estimate of coal production from the
Bureau of Mines), this produces a
compound rate of growth of 5.8 percent
between 1975 and 1980 and 4 percent be
tween 1980 and 1985, both of which are
quite high when compared to the secular
1 . 6

percent highlighted

in Table 1.
3.

1981-1985

Total

$3.9

$3.5

$ 7.4

3.6

5.2

8 . 8

4.3

4.3

8 . 6

4.3

5.9

1 0 . 2

5.2

4.5

9.7

5.8

7.2

13.0

*See Table 3 for definitions of
production categories. There are a
number of variables which must be
considered in developing open hopper car
requirements.
Based on an average load
factor of 8 6 tons per car in 1974, we
have estimated load factors of 91 and 96
tons per car in 1980 and 1985, respec
tively.
In addition, we have incorpo
rated improvement in the average turn
around time for coal cars.
In particu
lar, we have projected that incremental
coal cars will achieve 28 trips per
year by 1980 and 30 trips per year by
1985 (this compares with an average of
12.5 trips per year in 1974). This
improvement reflects increased usage of
unit trains. Financial estimates are
based on a 1976 price of $38,000 for a
1 0 0 -ton,
rapid discharge open top hopper.
Price is projected to increase 5% per
year.

1,146 billion to 1,261 billion ton-miles.

growth rate of

1975-1980

FINANCING THE COAL BOOM:
HOW MANY HOPPER CARS?

The alternative estimates of coal ton-

The figures in Table 7 do serve to

age originations (see Table 5) can be
translated into various financial

illustrate the tremendous financial
impact of a coal-centered energy policy

projections.

on the rail sector.

Table 7 contains a fore

For some perspective,

cast of expenditures for the open hopper

consider that in 1974 net operating

cars which will be required by the

income for Class I railroads was less

higher volume of coal traffic.

than one billion dollars ( 1 ) .

Needless

If one

to say, this forecast of capital

takes the most conservative hopper car

requirements should be viewed as a rough

projection of $7.4 billion over the ten-

barometer of the order of magnitude,

year period from 1975 to 1985, this

since there are a number of variables

implies over $700 million a year for

(load per car, trips per car per year,

open hoppers.

system capacity, etc.) which
756

Clearly, part of this

money will be raised by public utilities

Prior to 1973, very few economists, poli

and other customers who will buy their

ticians, railroaders, or truckers would

own coal cars.

have been willing to predict a rail

Even if one divides the

original figure of $7.4 billion by, say,

renaissance.

a factor of three to reflect financing

has wrenched the economy.

external to the industry and to adjust

raised the possibility of a rail resur

for any upward bias in the projections,

gence, it has simultaneously made the

the rail industry still needs close to

rail sector much more dependent on

$250 million a year to finance coal car

federal policy.

purchases.

This completely ignores the

President Ford have urged the nation to

the accelerated maintenance resulting from

achieve energy independence by 1985,

the rapid growth in unit coal trains.

very little has been accomplished in that

Open hopper cars do have some alternative

direction.

uses, but such potential growth in the

In fact, we have regressed—

foreign oil now comprises nearly forty

hopper car fleet will make the rail

percent of our total oil usage.

industry much more susceptible to policy

While

the federal government has usurped the

A large

leadership role in the national energy

percentage of the coal cars purchased in

arena, it has developed no substantive

1985 will still be in service at the turn
of the century.

While it has

Although both former President Nixon and

needed capital investment for roadbed and

"quirks" in the energy area.

The Arab embargo, however,

energy plan in the three years since the

Thus the rail industry's

oil embargo.

present perception of current and future

As a result of this plan

ning vacuum, the freight transportation

energy policies will be "built" into the

sector desperately needs clarification

rail fleet for an extended time period.

from the federal government on the

Referring back to the coal tonnage

following issues:

projections for rail traffic outlined in

(1) Does this nation propose to

Table 5, it appears that the moderate

reduce— totally or partially— its

level of coal growth most likely to

dependence on foreign oil by
1985?

occur by 1985 will not place a severe
strain on the physical capacity of the
rail system.

(2) What role will coal (as well as

Rather, the focus should

be on the financial ability of the rail

all other fuels) play in this

road and utility industries to raise

national energy plan?

large sums of money for rail car
expansion.

(3) Will the federal government

Looking beyond 1985, one

support recent proposals to grant

must be cognizant of the inflexibility

the right of eminent domain to

that such a rapid increase in coal car

slurry pipelines?

ownership imposes upon both the railroads
and the utilities.

(4) The inflated demand for low

Given the nature of

sulphur coal has produced a surge

regulated pricing in these two industries,

in business for Western railroads.

the increased cost of coal cars will be

Will the Environmental Protection

built into the cost structure, regardless

Agency maintain its present

of the level of coal car utilization.
4.

sulphur emission guidelines?

AN AGENDA FOR GOVERNMENT ACTION

(5) Will the federal government favor
757

the development of Eastern coal

permits the development of slurry pipe

in order to keep ConRail profit

lines, and, at the same time, encourages
rail development, what guarantees, if any,

able?

will be (should be) provided to the rail

It can be argued that the Project Inde

industry?

pendence estimates are no longer feasible
as a target level for government energy

Assuming that the nation does develop a

policy.

coal-centered energy policy and that the

Even if it is impossible to hit

the target of

rail industry maintains its present

million tons of coal

1 , 2 0 0

in 1985, the current political environ

dominance in coal transport, will the

ment continues to focus on the need for

coal come from the East or the West?

energy independence.

Historically, coal production has been

Both President Ford

to reduce the potential impact of another

concentrated in the East. With the
advent of sulphur emission guidelines by

oil embargo by developing alternative

the Environmental Protection Agency,

energy sources.

however, an artificial demand has develop

and Jimmy Carter have urged the country

Energy companies and

spending billions of dollars to handle

ed for low sulphur coal (mined mainly in
Wyoming). Concern for the environment

this future onslaught of coal production.

might dictate, therefore, an energy

There is already ample evidence of labor

policy which boasts strong Western rail

and equipment shortages in the coal

roads such as Union Pacific and

railroads are, in fact, currently

mining industry.

Burlington Northern.

On the other hand,

The federal govern

there is no guarantee (or even a well-

ment's interest in keeping ConRail

thought-out-argument) that the United

profitable, however, may yield an energy

States could utilize 1,200 million tons

plan which favors Eastern coal.

of coal in 1985.

The analysis in this article supports the

Work done by Chase

Econometrics Inc. suggests that, due to

possibility of a rail renaissance in

the declining growth rate of steel

conjunction with a surge in coal produc

production (smaller cars) and due to the

tion.

The growth scenarios outlined in

lower growth rate for high-priced

Table

electricity, coal production will be

which is a complete reversal of the rail

under 900 million tons in 1985 (6 ).

If

6

display a pattern of increase

stagnation experienced during the postwar

one accepts the position that the near-

period.

term growth of coal is limited by demand

Table 7, however, are sobering when one

forces, the rail sector may be, in fact,

considers the past earnings history of

in the process of developing massive

the railroad industry.

excess capacity.

tremendous uncertainty which permeates

The financial needs outlined in

Given the

The mere presence of a federal coal

current transportation planning, it is

production target in 1985 (whether it is

apparent that the future of the rail

1,200 million tons or 900 million tons)

system is intrically interwoven with the

does not eradicate a fundamental rail

maze of policy decisions still to be made

planning problem:

in the energy and transportation domains.

To what degree will

the federal government rely on the rail
road industry to move future coal
production?

If the federal government
758
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A TOTAL PRESENT WORTH ECONOMIC COMPARISON
OF COAL AND NUCLEAR FUEL ENERGY ALTERNATIVES
Dennis M. Tulenko,* Phillip F. Ostwald and Klaus D. Timmerhaus
University of Colorado
Boulder, Colorado

Abstract
This paper utilizes the total present worth concept to make an
economic comparison for a 500 MWe electrical power generating sta
tion operated either with Eastern U.S. coal, Western U.S. coal or
nuclear fuel. Arguments are presented to support the use of this
concept for comparing the economic desirability of various energy
alternatives used for generating electrical power.
1.

INTRODUCTION
provide measurements of relative invest
ment worths. However, calculations pursu
ing such a method are not provided in this
paper since rate of return methods are less
appropriate to capital intensive costs,
such as those contemplated for energy al
ternatives. Comments supporting this view
point are included in the discussion.

A total present worth type of analysis is
often used to make an economic comparison
between two or more alternative invest
ment opportunities. This study applies
this approach in comparing the economic
desirability of coal versus nuclearfueled electrical power generating sta
tions. From a strict economical view
point, the energy alternative with the

2.

lowest total present worth relative to
capital investment, operating and main
tenance costs, and fuel costs is consid
ered to be the most attractive choice.
Such numerical information must then be
considered with many other non-numerical
factors before a final choice is made.
This is particularly true at this time in
the final choice of one of the energy
sources being considered in this study.
Another decision criterion, such as de
termining the true economic rate of re
turn for a venture, can be modeled to

THE NET PRESENT WORTH METHOD

There is a continual debate about the best
way to measure the economic desirability
of energy alternatives. These techniques
are designated as engineering economics,
and an abundance of literature is avail
able supporting one approach over other
methods. There is no need to review these
general techniques in view of the many
textbooks available.
Currently, two meth
ods are vying for acceptance in measuring
economic desirability:
the net present
worth method and the true economic rate of
return. Naturally, both methods use time-

* Presently with IBM, Boulder Division, Boulder, Colorado
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value-of-money concepts and, therefore,
meet the fundamental requirements for a
useful criterion.

by summing the present worth for fixed
charges, operation and maintenance (O&M),
and fuel.

These two methods may also be called in
terest fixed or interest variable. Inter
est-fixed models set in advance the in
terest rate with which to make compari
sons between alternatives. The net pre
sent worth method is one of several that
would qualify as interest fixed. Thus,
the present equivalent in dollars of all
future cash flows using a preset value of
an interest rate makes the calculation a

TPW = PWFC + POM + PWF
where

(1)

TPW = total present worth,$/kW
PWFC = present worth of fixed
charges, $/kW
POM = present worth of opera
tions and maintenance,
$/ kW
PWF = present worth of fuel,
$/kW

The fixed cost requirements continue re
gardless of whether or not the plant is in
operation. The fixed costs, such as taxes
and fees, along with charges for deprecia
tion, and interest on investment, are in
terpreted in terms of a fixed charge rate.

net sum. The interest-variable models,
including the rate of return method, cal
culates an interest rate to give a pre
sent worth of expected revenues equal to
investment cost. Of the alternatives
numerically examined with the interest-

The fixed charged rate (FCR) is a percent
age factor which, when multiplied by the
initial capital investment of the plant,
gives the levelized annual cost require
ments necessary to support the fixed
charges of the investment.
In summary,
the annual charges in the fixed charge
rate include: (1) Property taxes;(2) fed
eral and state income tax, where appli
cable ;( 3 ) license fees ;(4) depreciation
annuity — the recovery of investment,
and considering retirement costs or rev
enues; and (5) minimal annual rate of re
turn (MARR) — the interest on investment.

fixed or interest-variable scheme, that
one which gives the smallest net present
worth or greatest interest rate is pre
ferred if revenues are not considered.
The major reason for adopting interestfixed schemes in this paper and thus cal
culating the net present worth, is two
fold. Energy development is capital in
tensive, and present worth calculations
insure that the magnitude of the invest
ment is not suppressed in importance as
it is in interest-variable schemes. Sec
ondly, energy and utility projects, as is
customary, are controlled by state and
federal commissions and agencies with re
spect to earning rates, and thus legal
requirements stipulate the interest rate.
The m o d e l u s e d calculates a total
present worth for all future cost require
ments of an electrical power plant, con
sidering fixed and variable charges
throughout the future life of the plant.
The total present worth of an electrical
power generating station can be obtained
* Refers to references
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The fixed charge rate is attained by giv
ing a certain percentage weight to each
of-these charges and then summing to find
the total percentage factor. The FCR
currently ranges from 15-22% for investorowned fossil fuel plants and from 10-12.5%
for government-owned fossil p l a n t s . ^
To determine a present worth for fixed
capital investment, the annual revenue re
quirement is multiplied by an equal series
present worth factor which is a function
of MARR and the life of the plant.

Similarly, one can define a time factor
(TF) which represents the percent of a giv
en year that a plant runs at a given load
level. Thermodynamically, a plant running
at 100% is using its fuel more efficiently
than a plant operating at 50%. Thus, an
efficiency, or heat factor (HF), must be
considered in the cost analysis. This
factor should be 1.00 at 100% load level
and increase for decreasing load as the
plant becomes more inefficient and fuel
cost per kilowatt of electricity increases.
One way to explain this part of the anal
ysis is by the typical plant load schedule
as shown by Table I.

(P/A ,MARR ,N ) = Z
V l + MARR)11 (2)
n= l
where

(P/A,MARR,N) = equal payment
series present
worth factor
N = plant life, n = 1,..., N

The present worth of cost requirements for
fixed charges becomes
PWFC = FCR*(ICI)*(P/A,MARR,N)(3)
where

FCR = fixed charge rate
ICI = initial capital invest
ment, $/ kW

The variable costs for a power plant in
clude operation and maintenance along with
the cost for fuel. Since operation and
maintenance and fuel costs tend to esca
late over the years, an inflation or es
calation factor must be a part of the cal
culation. A method for calculating the
present worth for O&M is shown by equation
(4). This relationship annually escalates
and discounts the first year cost for O&M
at startup for the total life of the plant.
POM = A0 * !|!
(1+ESC/1+MARR)n (4)
n= l
where

ESC = annual O&M escalation
factor
A0 = first year cost for O&M at
startup, $/kW

Determining the present worth for fuel cost
is more complex. An electric power gener
ating station, like any plant, runs more
efficiently when it is new. With age,
downtime for the plant increases along
with the time the plant is operating at
less than full capacity. A load factor
(LF) is a measure of the percent of total
capacity at which a power plant is oper
ating. At a load factor of 1.00, the
plant is operating at 100%, or full capa
city; at 0.00 load factor, the plant is
down. The LF decreases linearly from 100
to 0.00 with decreasing plant output.
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Table I. Plant Load Schedule
for a Plant Li fe of 35 Years
Load Factor
Heat Factor
S-

0-5
>- 6-10
11-15
O
4-> 16-20
fO 21-25
O) 25-30
E
•r“ 31-35
1—
Q)

1.00 0.85 0.65 0.50
1.000 1.002 1.003 1.05

0.00
0.00

0.00
0.00
0.00
0.05
0.05
0.10
0.15

0.10
0.10
0.10
0.10
0.15
0.15
0.15

0.80
0.70
0.60
0.50
0.45
0.40
0.30

0.10
0.10
0.20
0.20
0.20
0.20
0.20

0.00
0.10
0.10
0.15
0.15
0.15
0.20

Notice that each year is divided into five
different load levels. The number of load
levels vary depending on what is reason
able for a given plant, but four or five
levels is an appropriate choice. To
understand how the schedule works, consid
er years0-5.
From the first row of time
factors we see that when the plant is new,
for the first five years, it can operate
at full capacity 80% of each year, at 85%
capacity 10% of the year, and is inopera
tive 10% of the year. For any year the
sum of the time factors equals 1.00.
Notice that as the plant ages, the percent
of the year that it can operate at 100% LF
decreases (that is, the TF's in column one
decrease with plant age).

When including load, heat, and time fac
tors for calculating the present worth of
fuel, it is necessary to sum the product
of these factors for each load level for
each year. This approach can be combined
with annual escalation and discounting to
yield equation (5). By summing the pro
ducts of the LF, HF, and TF over a number
of load levels, equation (5) takes into
account that a power plant operates at
various loads at different times of the
year and is more inefficient at lower load
levels.

to describe these data is to show a table
of cost comparisons for the three alter
natives.

N

PWF= z
FIC*NPHR*8760*10'°*
n=1 (l+ESC/l+MARR)n*2 LF*HF*TF
where

j=1 (5)
FIC = initial fuel cost at plant
startup, $/106 Btu
NPHR = full load net plant heat
rate, Btu/kW h
ESC = annual fuel inflation or
escalation rate
m = number of load levels, j=
1.... , m

Table II. Comparison of Data for
Nuclear-Fueled versus Eastern &
Western Coal- Fired Power Plants
(startup 1985 , capacity 500 MWe)
East. West. Nucl .
Coal
Coal
Fuel
FCR
15%
15%
16%
805
ICI ,$/kW
765
950
ESC(0&M)
8%
8%
8%
MARR
10%
10%
9%
FIC(0&M) ,$/kW
25.75 25.75 21.4
FIC (Fuel ) ,$A0%t u 2.00
1.46
1.10
NPHR, Btu/kW h
9550
9550
8700
Tables III and IV list the heat factors,
load factors, and time factors that were
used in the study.
Table III. Coal-Fueled
Plant Load Schedule(l)

Equation (1) is formed by summing up the
present worths for fixed charges, O&M, and
fuel from equations (3), (4), and (5),
respectively.
If desired, corporate bur
dens, profit, and overhead can be added to
equation (1). This was not done in this
study.
3. PRESENT WORTH COMPARISON BETWEEN U.S.
NUCLEAR AND COAL-FUELED POWER PLANT COSTS

1.0
0.85
0.65
0.50 0.00
1.000 1.0025 1.0025 1,050 —
0
0 .70
0 .60
0 .50
0 .45
0 .40
0 .30

O
OO

Load Factor
Heat Factor
S- 0- 5
Q)
>- 6- 10
S- 11 -15
o
fe 16 -20
ai
Li. 21 -25
Q) 25 -30
\— 31 -35

0.00
0.00
0.10
0.15
0.15
0.15
0.20

0.10
0.10
0.20
0.20
0.20
0.20
0.20

0.00
0.00
0.00
0.05
0.05
0.10
0.15

0 .10
0 .10
0 .10
0 .10
0 .15
0 .15
0 .15

Table IV
Nuclear Fu ei
Plant Load Schedule (4)

Since equations (4) and (5) must be used
to calculate O&M and fuel present worth,
calculation by computer is essential. Pro
grams were run using equations (1) through
(5) for datav ’ 'obtained from nuclear and
coal-fired plants starting up in 1985.
Three alternatives had to be considered.
Since some costs, like the cost for coal,
vary between the Eastern and the Western
United States, the study had to cover
Eastern and Western coal-fired plants,
along with nuclear power plants. The way
763

Load Factor 1. 00 0 7667
Heat Factor 1. 00 1 0190
Srtf 0- 5
0 . 70 0 20
>- 6- 10
0 . 70 0 20
11 -15 0 . 70 0 20
fe 16 -20 0 . 60 0 .30
O
rtf
LU 21 -25
0 . 60 0 .30
<D 25 -30 0 . 50 0 .30
B—
•r
h- 31 -35 0 . 50 0 .30

4939
1 0970
0 00
0 00
0 00
0 00
0 .00
0 .10

0

0 .10

0 .350 0 . 00
1 .130
0 .00
0 . 10
0 .00 0. 10
0 .00 0 . 10
0 .00 0 . 10
0 .00 0 . 10
0 .00 0 . 10
0 .00 0 . 10

tors in the total present worth. Table VI
attempts to dramatize this point.

Using the data from Tables II, III, and
IV, equations (1) through (5) can then be
employed to calculate the total present
worth for Eastern and Western coal and
nuclear power plants. Table V shows the
results. Figures 1, 2, and 3 provide a
graphic description of the TPW for the
life of Eastern and Western coal and
nuclear-fueled power plants, respectively.

Table VI. Cost of Fuel as Percentage
of Total Present Worth Cost
East.
Coal
Present Worth of
Fuel
Total Present Worth
Present Worth of
Fuel as Percentage
of Total Present
Worth

Table V. Results from Programs
Computing TPW for Eastern and
Western Coal and Nuclear-Fueled
Power Plants with Startup in
1985, and a Rating of 500 MWe
East.
Coal
1164.5
Present Worth
of Fixed Charges,
$/ kW
657.6
Present Worth
of 0&M,$/kW
3381.5
Present Worth
of Fuel,$/kW
5203.6
Total Present
Worth, $/kW

West.
Coal

Nucl .
Fuel

1106.6 1606.2
657.6

637.3

2468.5 2079.5
4232.7 4322.9

The results show that nuc1ear-fueled power
plants starting up in 1985 are about equal
in total present worth to coal-fired
plants located in the Western United States
starting up at the same time. Eastern
coal-fired plants are predicted to have a
total present worth of about 1000$/kW
higher, because of the higher costs for
initial capital investment and fuel (see
Table II). For example, the initial cost
for Eastern coal and Western coal in 1985
is predicted to be about $2.00/10® Btu vs.
$1.46/10® Btu, respectively. Since the
present worth fixed charges and 0&M are
about equal for the two areas, it is evi
dent that the coal fuel cost differential
between the East and West is responsible
for much of the difference in total pre
sent worth.
It seems evident that the
cost for fuel and how it will escalate in
equation (5) are the key determining fac

West.
Coal

Nucl .
Fuel

3381.5 2468.5 2079.5
5203.6 4232.7 4322.9
48%
58%
65%

It is important to note that in each case
the present worth of fuel is a large per
centage of the total present worth. As a
consequence, any new fixed charges added
to meet additional nuclear regulations or
pollution restrictions would incur only a
small change in fixed charges, and would
have little effect on the value of the
TPW. Thus, assuming a plant life of 35
years, the cost for fuel over this period
is the major factor in determining whether
nuclear-fueled or Western coal-fired plants
will have greater economic desirability.
If the program is rerun for the nuclearfueledpower plant to determine the escala
tion factor for fuel at which the total
present worth for the nuclear plant equals
that of the Eastern coal-fueled plant, the
escalation rate is determined to be 10.2%.
This indicates that the cost of fuel for
nuclear power can increase as much as
10.2% annually and still compete economi
cally with Eastern coal-fueled plants.
4.

CONCLUSION

This study has attempted to provide infor
mation on two alternative sources of elec
trical energy: nuclear and coal-fueled
power plants. The paper shows that the
most important single cost in the total
present worth analysis is also the most
764

5.

difficult one to predict, namely, the cost
of fuel. There is a similar present worth
for nuclear and Western coal-fired plants
starting up in 1985, but a higher present
worth for coal-fired plants in the East.
Small changes in the fixed charges due to
additional nuclear regulations or pollu
tion control costs would effect the dollar
value of the TPW only a minimal amount.
Step changes in the price of coal or
nuclear fuel would, of course, change the
results predicted in this study.
5.

7.

Special thanks in this study needs to be
given to Dr. R. M. Wainright of StearnsRogers, Inc., Denver, Colorado, and to Mr.
Sam Ross, Supervisor, Systems Planning,
of the Public Service Company of Colorado,
Denver, Colorado for their personal help
and assistance.
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Figure I.

Present worth analysis of eastern coal fired
plant. Startup 1985, 35 year life.
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Present worth analysis of western coal fired
plant. Startup 1985, 35 year life.
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Figure 3.

Present worth analysis of nuclear fired plant.
Startup 1985, 35 year life.
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THE IMPACT OF SOLAR CENTRAL ELECTRIC TECHNOLOGY ON THE REGULATED UTILITY
Donald A. Murry, Director
Center for Economic and Management Research
College of Business Administration
University of Oklahoma
Norman, Oklahoma

Abstract
The generation of electricity by solar energy in the U.S. is moving
from the design stage to the pilot plant stage. Some persons have
argued that at least some of the base line technologies are competi
tors now or are approaching parity with other energy sources, at
least when the social costs and benefits are considered. This paper
evaluates briefly the institutional framework of the regulated elec
tric utility, the proforma impact of a solar electric plant upon an
operational utility. We conclude that under the present regulatory/
institutional framework, the solar electric technology will be de
veloped at a date that is slower than the resource allocation
optimal.
1.

INTRODUCTION

for solar electric.

Consequently, in this

paper we look to the institutional frame

The concept of solar central electric ap

work for adopting the solar electric tech

plications technology in the United States
is in the difficult period between having

nology.

some principal technical procedures devel

For selecting among alternatives, we are

oped, with a variety of plausible alterna

interested in the economic feasibility of

tive configurations to choose among, and

the various forms of solar central facili

having actual prototypes, experience and

ties for the generation of electricity.

data.

Naturally, the environmental attractiveness

This paper is in the difficult spot

of being able to identify the framework in

and inexhaustible potential of solar elec

which the solar central electric technolo

tric add to its appeal.

The real economic

gy will be likely be developed but not

feasibility and impact of various solar

having available detailed engineering cost

choices will not be understood until the

estimates of specific plants.

expanded federal solar research and devel

The objectives for the solar electric ap

opment program has registered actual re

plications program call for a commercial

sults from the planned pilot plants.

system of solar energy by the mid-1980s

The purpose of this paper is to take the

and an orderly progression throughout the

proforma impact of the designs for the

remainder of this century.

proposed Hobbs, New Mexico solar electric

There is a

view on the part of some proponents that

facility upon the New Mexico Electric Ser

economic feasibility could arrive earlier

vices Company and to consider the potential
768

impact of this technology upon the regu
lated public utilities generally.

aiming the collected solar energy at a

A spe

cial purpose of this paper is to evaluate

single point or region (the receiver) and
converting the sunlight to heat at that

whether or not there are any special pro

point.

visions, regulatory or otherwise, that can

water/steam (or other fluid) system which

The heat is then transferred to a

encourage the economically optimal inte

is passed through a turbine for the gen

gration of solar central facilities into

eration of electricity.

established public electric utilities.

the central receiver will be mounted on a

II.

In this concept,

tower in order to provide direct line of

THE STATUS OF THE SOLAR ELECTRIC
APPLICATION PROGRAM

sight with the multiple reflecting sur

The solar electric application program of

faces.

the Energy Research and Development Ad

vices, called heliostats, will be assem

ministration has stated that the near-term

bled in a fieldbed at the base of the

objective is " . . .

tower.

to assist industry in

These collecting/reflecting de

Each heliostat must track the sun

developing a technology which will call

with sufficient accuracy to maintain its

for implementation by the mid-1980s of

focus on the receiver.

commercial solar thermal electric generat

has entertained "Phase I" preliminary de

ing plants and total energy systems which

sign efforts on this concept from teams

make use of both electric and thermal out*
put."
Currently, there are three basic

Donnel Douglas and (for the heliostats

technologies being pursued.

only), Boeing Engineering, for a lOMWe

At this time, ERDA

headed by Honeywell, Martin Marietta, Mc-

First, the

pilot plant (see Table 1).

central receiver technology consists of

kk

A scaled down

TABLE 1
Characteristics of the Designs for the
Pilot Central Receiver Solar Plants
Parameters

Minimum

Maximum

Number of Heliostats

1,718

4,968

Receiver Height
Tower Height
Storage Time

83 ft.

312 ft.

480 ft.

6

hr.

477 °C

Turbine Inlet Temperature
Turbine Inlet Pressure
Source:

55 ft.

1 , 2 0 0

psia

6

hr.

510 °C
1 , 2 0 0

psia

The Aerospace Corporation, Highlights of the Central
Receiver Pilot Plant and Test Facility Projects, Re
port No. ATR-76 (75223-11)-1.

*

Energy Research and Development Administration, A Natural Plan
for Energy Research Development and Demonstration: Creating Energy
Choices of the Future, Vol. 2, Government Printing Office, Washing
ton, D.C. (June 1976), p. 94.
*

k

The Aerospace Corporation, Highlights of the Central Receiver
Pilot Plant and Text Facility Projects, Semi Annual Review,
November 1975, Report No. ATR-76 (7523-11)-1, p p . 1-2.
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version of one of these designs could be
the base line design for the proposed

tem somewhat similar to those of tradi

Hobbs plant.

plants.

tional fossil fuel or nuclear generating

The second concept is a fix

ed mirror distributed focus design in

The primary capabilities of the solar

which a two axis tracking mount on the

power plants, under presently perceived

receiver permits the reflecting surface to

technology, appear to be for servicing the

be stationary.

intermediate electric loads.

The large reflecting sur

These are

faces of these fixed mirrors are likely to

the daylight hour loads extending into the

be installed below grade with the receiver

early evening.

mounted on a boom that maintains its posi

thermal and electric storage totaling

For the above designs,
6

tion at the focal point of the collectors.

hours has been considered necessary to ac

The receiver again serves to convert com

count for evening hours and temporary

pressed liquid to steam which is trans

cloud cover; nuclear'and fossil fuel

ferred to the turbo machinery.

plants will still be relied upon primarily

ERDA has

received a technical proposal for this

for the base loads.

technology for a plant of configurations
Not surprisingly, the efforts to assess

ranging from 0.5 MWe to 3MWe from E-Sys*
.
terns, Inc.
A version of this design

potential economic feasibility to date
have produced quite disparate results.

could be the base line design for the

One should, however, evaluate the studies

Hobbs plant.

to date with caution; they have all been
The third concept, distributed collector,

conducted only on the basis of limited

consists of individual solar two-axis

engineering estimates of technology and

tracker concentrators, each with a sepa

costs.

rate heat engine and electric generator.
The electricity will then be gauged for
transmission.

This concept design has

been proposed to ERDA by Honeywell, Inc.

Aerospace Corporation has estimated that
intermediate load 100MW solar plants in

**

the southwestern region of the United

It is especially important to the issues

States (one square kilometer of collectors

of this paper because of its potential for

and six hours of storage) are competitive

altering the traditional structure of the
electric system.

with coalfired 100MW plants, e.g., 46

This concept could, at

mills per KWH for the former and 45 mills

least to a degree, permit more on-site

per KWH for the latter.

solar electric generation for such facili

•k k k

A study of the

feasibility of a solar total energy sys

ties as small communities, public institu

tem (which employs waste heat from elec

tions, industrial and agricultural opera
tions.

Some engineering estimates have

been relatively optimistic, however, e.g.,

tric generation for space heating, water

The other two technologies would

heating and air conditioning), considered

seemingly integrate with a utility's sys

it feasible in 1976, assuming a 2.5 per-

*E-Systems, Inc., Technical Proposal for a Solar Thermal/Electric
Power Plant for Lea County, New Mexico, Revised May 8 , 1975, Report
No. 416-1542 OB.
**Honeywell, Inc., Solar Electric Dispersed System Power Plant,
September 20, 1975, F6049-LA.
***George McCoy and Ronald Jang, "Central Receiver Power System
Analysis," in Aerospace Corporation, op. cit., p. 30, 35.
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cent real interest rate (the nominal in

dures routinized.

terest rate less inflation rate) and

mates are considerably below the design

price decontrols on fossil fuels.

k

Naturally, these esti

estimates for the pilot plant, but they

A

third study distinguished between the dis

are based necessarily on little evidence

tributed collector system and the focusing
**
systems.
On the one hand, the author

at this time.
The estimated prototype cost for the three

concluded that no system involving mirrors

systems for Hobbs are shown in Table 2.

focusing the sun is likely to be " . . .

The costs per installed KWH for the pilot

either (a) an economically feasible ap

plant are obviously quite high in compari

proach to solar electric power generation,

son with alternative forms of electric

or (b) capable of reduction to an accept

generation.

able level of demand for daily maintenance."

kkk

The figures in Table 3, however, take into

On the other hand, the author

account the benefits of mass producing the

argues that the distributed "afocal" sys

components for the solar central facility

tems are close to economic feasibility in

and the reduced costs of operation of a

the current (1975) energy market.

mature system.

These estimated per KWH

To date the feasiblity estimates are based

costs, if they hold as realistic, argue

almost entirely on engineering estimates.

that central solar systems are probably

Naturally, the purpose in evaluating the

closer to commercialization than the

economic performance of a pilot plant is

stated ERDA plan would indicate.

to try to ascertain the true economic costs
associated with central solar systems.

Obviously, the realities of cost estimates
cannot be known until the pilot plants are

These costs must still be estimated.

actually constructed, placed into opera
III.

THE DESIGN ESTIMATES OF THE 5MW
SOLAR PLANT FOR HOBBS, NEW
MEXICO

tion and the experience evaluated.

tion of the components and of learning

Although the plant design proposed for the

through the experience of actual operation

Hobbs, New Mexico, site is for a pilot

can still be determined only after actual

(adopted essentially for its R&D value),

operation.

we have attempted to make some preliminary
calculations of its costs.

The

potential economies of large-scale produc

The New Mexico Electric Service Company

We assumed

has a 118MW net peak demand capability

further that the installation is the twohundredth of its kind and, where feasible,

from a natural gas fueled steam plant with

the hardware is mass produced and proce

an historical 1975 cost per installed KW

William D. Schulze, J. Rangier Balcomb, Roberta Katson, Scott
Noll, Fred Roach and Mark Thayer, "The Economics of Solar Energy:
Policy and Near-Term Prospects," mimeo report of NSF-Rann Project,
entitled "An Economic and Environmental Evaluation of Solar and
Geothermal Energy Sources."

kk

William G. Pollard, Comparative Performance of Solar-Thermal
Systems for Electric Power Generation, Institute for Energy Analy
sis, Report on Contract No. 14-01-001-1699 for the Federal Energy
Administration, January 1975.

** *

Ibid■, p . 39.
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TABLE 2
Estimated Costs for Pilot 5MW Plant*
for Hobbs, New Mexico
Installation Cost
(X $1,000)

System
Central Receiver

Costs per
Installed Peak
KWH

$24,790

$4,958

Fixed Mirror, Distributed Focus

17,580

3,516

Distributed Collector

2 0 , 2 0 0

4,040

Source: Center for Economic and Management Research, "Development
of a Comprehensive Community Management Plan for the City of Hobbs, New
Mexico," report to the Energy Research and Development Administration
(No. E - (40-1)-5009, p. 133.
TABLE 3
Proforma Estimated Costs of Two Hundredth 5MWe Facility*
For Hobbs, New Mexico
System-Type
Distributed
Collector

Central
Receiver

Fixed Mirror,
Distributed Focus

$ 1,810

$ 5,350

Not Available

Cost per Installed
Peak KWH

362

1,070

Interest cost, Operating
Cost and Maintenance
(X $1,000)

289

859

17,520

17,520

.016

.049

Costs
Installation Cost
(X $1,000)

Annual Output (MWH)
Cost per KWH

Source: Personal communications with proposed contractors for
solar central system.

*A11 costs stated in current dollars.
*
of $101.24.

Even converting the histori

quires a more detailed investigation than

cal costs to replacement costs would pro

is possible herein.

bably not close the gap with the estimated
solar plant costs in Table 3.

The 1975 average cost of generation for

But the

New Mexico Electric of

important test for the solar plant is not

.37 mills per KWH

is still considerably less than costs per

the average costs of the existing system,

KWH of the solar systems.

but the marginal costs of equivalently
sized alternatives.

6

The costs of

providing 5 MW of incremental capacity may

That obviously re-

be much closer to the solar costs, howev-

*
New Mexico Electric Service Company, Annual Report to the
Federal Power Commission, 1975.
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er, considering current installed capacity

Typically, economic literature has invoked

costs and increasing operating costs.

the principle of "regulatory lag" to try

The net generation for 1975 was 585,179

to demonstrate that there are incentives

MWH consuming 5,666,369 MCF of natural

for new technology development and absorp-

gas.

tion under regulation.

Obviously, the addition of the 5 MW

k

Regulatory lag

solar central plant with the potential

is the bureaucratic delay in the regula

annual output of 17,520 MWH to this elec

tory process that occurs between rate

tric system, even if reliability could be
assumed, would be relatively minor; at

mission.

this time the solar plant represents 4.2

elapsed time, including the time between

percent of the total installed capacity

initiation and final action on a case, is

and 3.0 percent of the annual generation.

sufficient to induce a utility to invest

It could, nevertheless, displace some

in cost-saving technology; that is, any

natural gas consumption.

cost-savings that result from improved

orders for a particular utility by a com
The presumption is that the

technology will redound to company profits,
The annual operating expenses of the dis
tributed collector plant under this
scenario would increase the company's re
venue requirement from sales of electri
city by 3.0 percent.

If the increment of

at least, until there is a new rate order
from the commission.

reviews as an incentive for technology advances.

generation from the solar plant can be
effectively integrated into the company's

Furthermore, in considering the

influence of regulatory lag it is usually
initiated by companies, implying that they
will delay cases if they can increase pro

pact on the company's rate structure.
IV.

•kk

acknowledged that most rate cases are

load, there is no reason to believe that
this plant will lead to an inordinate im

Baumol has even ad

vocated periodic intervals between rate

fits in the interim via cost-saving tech

THE RECEPTIVITY OF A REGULATED
ELECTRIC UTILITY TO SOLAR ELEC
TRIC TECHNOLOGY

nology.

That position, however, must be

tempered with the observation of the other
factors that influence the allowed rates

Short of funding a solar central receiver
facility with federal funds and linking it

of return in a rate case, e.g., the incre
mental changes in capital costs, operating

to the grid of an established utility with

costs and rate base, may signal a utility

little cost to the local rate payers, the

to initiate a rate proceeding.

incentives for installing the facility,
Some authors have argued that the Averch-

under present regulatory practices, are
not clear.

Johnson effect, namely that rate-of-return

*

...
cf. Martin T. Farris and Roy J. Sampson, Public Utilities,
Houghton Mifflin Co., Boston, 1973, p. 315; William Capron,
Technological Change in Regulated Industries, The Brookings Institu
tion, Washington, D.C., 1971, pp. 5-6; Alfred Kahn, The Economics
of Regulation, Vol. I, John Wiley & Sons, New York, pp. 53-54.

kk

William J. Baumol, "Reasonable Rules for Rate Regulation:
Plausible Policies for an Imperfect World," in Almarin Phillips and
Oliver E. Williamson, eds., Prices:
Issues in Theory, Practice and
Public Policy, University of Pennsylvania Press, Philadelphia, 1967.
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regulation will induce a firm to choose a

substitute for the operating utility.

capital-labor mix that is more capital in

There are identifiable, but as yet unmea

tensive than the minimum cost mix,

sured, external economics associated with

will

**

also induce technological advances.

For

the introduction of central station elec

example, in separate analyses, Bailey and

tric generation.

Capron show that a Hicks-neutral

tech

case of any R&D effort, the development of

nological change will lead to an increase

knowledge from the prototype, experimental

in both capital and profits for a firm

plants will be valuable to the construc

under rate-of-return regulation.

** **

Fol

First, as in the

tion of subsequent plants wherever they

lowing these conceptual arguments, al

are located.

Consequently, the benefits

though there is not corroborating empiri

of this knowledge will go far beyond the

cal evidence, we can anticipate that, all

particular utility; in fact, it is likely

things equal, a utility will embrace in

to extend far beyond the jurisdiction of

novations that are cost reducing.

the affected state commissions, as well.
The existence of these R&D externalities

The prospects of a new electric generation
technology via solar central electric may
not, however, appear to be cost reducing
for utilities.

In fact, given the nature

provides the clear basis for federal con
struction and operating support of the
solar prototypes.

of solar energy, it may be economically

The externalities of solar energy would

feasible as an effective energy alterna

appear to be even more complicated, how

tive long before it is^a cost effective

ever.

The alternative fuel, natural gas,

*H. Averch and L. L. Johnson, "Behavior of the Firm Under
Regulatory Constraint," The American Economic Review, Vol. 52, No
5 (December 1962), pp. 1053-1069.
c f . Farris
Economic Theory
p. 137; Fred M.
William Capron,

and Sampson, op. cit., p. 315; Elizabeth E. Baxley,
of Regulatory Constraint, D.C. Heath & Co., 1973,
Westfield, "Innovation and Monopoly Regulation," in
op. cit., pp. 28-32.

***Hicks-neutral technological change occurs when each new iso
quant has a level of output associated with it that is a given per
centage higher than the old iso-quant.
****Paradoxically, authors have questioned the efficiency of the
Averch-Johnson effect in the presence of "regulatory lag," e.g., a
delay in a commission's response to a utility that increases profits
as a result of cost reductions would encourage management to in
crease profits by choosing a minimal—cost capital and labor mix as
opposed to the Averch-Johnson mix. cf. Elizabeth E. Bailey and R.
Coleman, "The Effect of Lagged Regulation in an Averch-Johnson
model," The Bell Journal of Economics and Management Science, 2, No.
1 (Spring 1971). p p . 278-92; Kahn, op. cit., p. 106; and D.A. Murry,
"Practical Economics of Public Utility Regulation: An Application
to Pipelines," in Milton Russel's Perspectives in Public Regulation,
Southern Illinois University Press, Carbondale, 1973, pp. 36-38.*
*****Some of the problems of dealing with externalities in public
utilities have been reviewed previously. Warren J. Samuels, "Ex
ternalities, Rate Structure, and the Theory of Public Utility Regu
lation," in Harry M. Trebing, ed., Essays on Public Utility Pricing
and Regulation, MSU Public Utilities Studies, East Lansing, Michxgan, 1971, pp. 355-394.
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is sold in the interstate market under

little basis for optimism that the commis

price controls with a short-fall at the

sions will have the capacities, e.g., the

established prices.

legal authorities, the technical staffs

As a consequence, one

cannot expect the market prices to perform

and the fortitude to undertake the plan

their role of rationing the supply options

ning-like activities that would be neces

into their highest alternative.

Under

these circumstances, the incremental sup

sary to evaluate the external benefits of
an attrative potential new energy source

ply of solar generated electricity could

like solar electric.

free price-controlled natural gas for
higher valued but unfulfilled end-uses.

ments of these effects in a typical bene
fit-cost ratio requires a set of skills

Since that is a stated national objective,

and a range of issues that are only in

and the added value cannot be reflected by

frequently associated with utility pro

the interstate market, it is an exter

ceedings;

nality to be associated with the introduc

commissions have embraced somewhat similar

tion of the solar energy supply.
In any case, there is a strong likelihood
that the introduction of the solar energy

Indeed, the measure

(however, in recent years, some

issues in connection with plant and trans
mission line siting and natural gas cur
tailment) .

supply will produce external benefits.

One must also keep in mind the limits of

These benefits should be considered in the

the adversary proceeding.

feasibility calculations of the solar cen

pits several groups of lawyers and witness

tral generating facilities; they may even

es against one another in an apparent zero-

govern its economic viability, which means

sum game, with clear losers and winners,

The process

that the cost calculations of the operat

to establish the evidence upon which to

ing utility will be conservative toward

base a decision.

solar.

There is no provision in

this process that the optimal allocation

Moreover, if there is an under

statement of external social costs of nu

of resources is an objective; indeed,

clear and fossil fuels, e.g., environ

there is no provision that a consideration

mental and safety costs, the economic

of resources optimization will even be

feasibility of solar will be further

offered in evidence.

underestimated by the utility.

The issue of externalities naturally tran

V.

**

scends the jurisdictional boundaries of a

THE ROLE OF REGULATION IN THE
INTRODUCTION OF SOLAR ELECTRIC
TECHNOLOGY

commission just as it does the profit cal
culus of the affected firm.

The difficulties that regulatory agencies

In that case,

the commission would not have the legal

have had in the past in broadening their

capabilities, even if it could acquire the

concept of their role of regulation has

technical capacity, to estimate the bene

been pointed out previously.

k

There is*

fits and costs of a potential solar cen
tral electric installation.

*

cf. Kahn, op. cit., p. 78; Harry M. Trebing, "A Critique of
the Planning Function in Regulation," Public Utilities Fortnightly,
LXXIX (March 16, 1967), pp. 21-30; Harry M. Trebing, "Toward
Improved Regulatory Planning," Public Utilities Fortnightly, LXXIX
(March 30, 1967), pp. 15-24.

kk

Charles Donahue, Jr., "Lawyers, Economists, and the Regulated
Industries: Thoughts on Professional Roles Inspired by Some Recent
Economic Literature," Michigan Law Review, Vol. 70 (November, 1971),
pp. 195-200.
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VI.

ped to produce resource judgments.

CONCLUSIONS

Public utilities may embrace solar central

utility's choice of energy sources but

electric technology, but they will certain

only in small, indirect ways.

ly undervalue it from the standpoint of
the optimal resource allocation.

The

commissions can be expected to assist the

As a consequence, if the externalities of

The dis

tributed collector system, which may be .

solar electric, as well as those of the

the most cost effective technology, may be

competing energy sources, are to be evalu

slowly integrated with operating utilities

ated in a benefit-cost framework, that

because of its decentralized generating

must be done from a national perspective.

characteristics.

In any event, because of

BIOGRAPHY

the potential external economies of solar
Donald A. Murry is Director of the Center

electric and probably the understated
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social costs of competitive fuels, solar

Professor of Economics at the University

electric's adoption could be slower than
the economic optimal.

of Oklahoma.

That is not the

utilities' fault, however.

Currently, CEMR is involved

in two studies associated with the eco

Lacking better

nomics of solar energy funded by the Ener

information, they should continue to at

gy Research and Development Administra

tempt to provide the least cost reliable

tion.
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SAMPLE DESIGN FOR ELECTRICITY PRICING EXPERIMENTS:
ANTICIPATED PRECISION FOR A TIME-OF-DAY PRICING EXPERIMENT
Dennis J. Aigner*
University of Southern California

The primary goal of a pricing experiment

P?
P1
a . + g . , Zn (fe) + e . 0 I n (— )
i
il
z
i2
z

w

is basically the same as that for an ex

a particular customer or class of custo
mers.

For the pricing experiment, it is

also of interest to know how those effects

x .p .
1*1

the

i

relative

C\J

w 1. =

on the shape of the daily load curve for

e .s
l

II

cover the effects of time-of-day pricing

+

i—1

where:

i—1
>

+

To dis

i—1
•H
>-

periment in direct load control:

share

total expenditure on
electricity (z) devoted
to the ith pricing pe
riod,

x. = kwh consumption (or peak de
mand) during pricing period i,

are related to the pricing structure it
self.

y. = x.p. = expenditure during
pricing period i,
v^ = a dummy variable representing
some dichotomous demographic
characteristic or other control
variable,

In this paper, we consider two alterna
tive models of kwh consumption for resi
dential customers as the basis for cal

e^ = random disturbance.

culating an optimal experimental design,
and compare them in terms of the levels
of precision of estimation (for various

For this model, the coefficients

sample sizes) they can achieve for the

®215 ^22 are directlY and simply related
to relevant measures of price elasticity.

various parameters of interest.**

In particular, for i = 1,2; j = 1,2,
The first model is a version of the
translog, where for a pricing structure
that involves a peak price (p-^), and an
and

off-peak price (pg), we have:

This work has been supported by a grant from the Federal Energy
Administration to the Public Utilities Commission and the Energy
Resources Conservation and Development Commission, State of
California.
The reference work for one of the.models used and the design
methodology is D.J. Aigner, "Sample Design for an Electricity
Pricing Experiment," Social Systems Research Institute, University
of Wisconsin-Madison, June 1975.
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®i2 >

sidered, since with values of coefficients
for one equation in hand, coefficients of

n . . = ---.
ij
w±

the remaining equation can be easily ob

The second model we consider is the gener

tained.*

al quadratic approximation, which can be

concentrate on the equation for kwh con

specified using either w^, y^, or

sumption during the peak period.

the dependent variable.

as

So, for present purposes we

For ease of com
How precisely can we anticipate n-Q and

parability with the translog, we consider

n12 to be estimated for various sample

the equations

sizes?
w .= a.+
l BilPl + Sp2P2 + ®13Z
1
+ sl4P
*^
i2 + e15P22 + 310
+ bi 8p
319V i + E.i
2Z +

To answer this question we first

compute an optimal design for each model,
based on a given set of admissible design

+ 3.7PlZ

points.

i = 1,2

The values'of design points to

be used are shown in Table 1.

The price

pairs chosen differ somewhat from those

In this case, the own- and cross -price
elasticit;ies have the forms

used in our previous, work,** in that they
do not preserve an average price of 3-50

nll

= -1

if consumption is split evenly between

wl (Bll + 6l4pl + e17z)

peak and off-peak periods.
n22
n12

= -1
W2

(322

®2 5P 2 + 3 2 8 z)

Our intention

is to use price pairs that resemble more

P2

closely those considered in the Rand-

+ 315P2 + S18Z )
wi (B12

LADWP study.***

= £i
+ 324Pl + S27z )
W 2 <B21
These elasticity expressions are clearly

Table 1:

n21

intercept

Values of Design Variables
Z

P1

P2

(class means)

V1

3.5
5-0

3.5
1.0

10.5

0.0

from the translog, as they involve three

15.75

0.1

coefficients and depend explicitly on

5.0

2.0

70.0

more complicated than their counterparts

1.0

the price and expenditure variables.
For use as a basis of design for an exper
iment to measure these elasticities,
either specification has the virtue that

5-0

3.0

9.0

1.0

8.0

2.0

9.0

3.0

13.0

2.0

only one of the two equations (for peak
or off-peak consumption) need be con

This is because for every observation the sum of the two dependent
variables, w^ and w2, is one, and one appears as ah independent
"variable", which sets up a particular set of identities between
estimated regression coefficients in the two equations.
**loc cit., Table 1, p. 23.
***W. Manning, et al., "Design of the Los Angeles Peak-Load Pricing
Experiment for Electricity," Rand Co. Paper R-1955-FEA, March 1976.
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Table 2:

The criterion function used as the focus

Optimal Design for the Translog
Model

for an optimal allocation of a sample of
observations among the 48 admissible

Values for Design Variables Relative
Allocation
z
intercept pl P 2
V1

points defined by the values in Table 1
is to minimize the trace of the familiar
precision matrix of estimated coeffi-

1.0

cients, a

1.0

(X' X)

, in which all coeffi

3.5 3.5 10.5 0.0
3.5 3.5 10.5 1.0

.267
.170

1.0

subject to an overall cost constraint

1.0

3.5 3.5 70.0 0.0
3.5 3-5 70.0 1.0

.043
.036

for the experiment.
(The results are sen
sitive to a choice of the trace function

1.0

9.0 1.0 70.0 0.0

.076

1.0
1.0

9.0 1.0 70.0 1.0
13.0 2.0 10.5 0.0

.126

and equal weighting of coefficients.)

1.0

13.0 2.0 10.5 1.0

.105

kO
1—1

cients are regarded as equally Important,

For the translog model, only eight of the
48 admissible design points appear in
the optimal design, as indicated in
Table 2.

Table 3:

[z®=1 (-£) 2Lh

The value of the criterion

function at its minimum is 0.011.

Translog Model

Anti
regressor

cipated precision for individual coeffi
cients of the translog model is reported

intercept

pl

2

n,
(fe) x, x']'
n

— h

—h

ii,

where (fe) is the relative allocation

2

p

P p -h

disturbance variance, and xl is the row
vector [1.0 I n

(fe)

hth design point.

In

(fe)

v^] for the

$ as defined above is

just the familiar a (X'X)

V1

1.22

-1.19

1.63

-0.77

0.07

1.06

0.28

is the
regressor

n

devoted to design point h, a

4.16

PO
<ir>

-=3*
1
—1
O

intercept

in the matrix

a
$ = n

1 for the

matrix of

s!

( \j|

,,

ordinary regression, as_ if we used the
£

translog model to analyze data generated
from the sample allocation of Table 2.

C\J

Specific results are given in Table 3.

>.

4.21

In order to relate them to sample size
for any particular coefficient, for
example B-q , the corresponding diagonal

of the own- and cross-price elasticities

element is divided by n.

directly, although the levels must be ad
justed upwards by a factor (1/w-^).

The

Such calculations are shown graphically

value of the cross-price elasticity and

in Figure 1, for B-^ and B12-

both standard errors are larger the small

A

A

is

seen that the standard errors drop off

er is the share of total expenditure on

rapidly with an increase in sample size

electricity devoted to consumption during

to n = 300 and then decline slowly.

that particular period.

These graphs depict also the behavior
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design points are brought into the opti
mal design (33 to be exact), each with
quite low relative allocations.

The

value of the objective function is 0.15
at Its minimum for this design, over ten
times the corresponding magnitude for
the translog case.

Correspondingly, much

higher standard errors are anticipated
for this model.
Table 4:

Optimal Design for the Quadratic
Approximation

Value of Design Variables
A

Figure 1:

Standard Error of B-q

Intercept

,A

and B12
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

as a Function of Sample Size
for the Translog Model
The available evidence* suggests a range
of values for the short-run own-price
elasticity of -0.13 to -0.90, when
consumption is not differentiated accor
ding to time-of-day.

At w^ = 0.50 (half

the expenditure on electricity is on
peak), and n = 3 0 0 , the anticipated
standard error of the estimate of n-Q
is 0.15a.

Since the dependent variable

is a budget share, a will be a number
between zero and one (although its
specific value is unknown), so the anti
cipated standard error of estimate of
A

n-^ is less than 0.15 based on this
design, on a range of values expected
to be on the order of -0.13 to -0.90.
A similar analysis can be performed for
the quadratic model, where we use a
single quadratic equation to approximate

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

P1

p2

3. 5
3. 5
3. 5
3- 5
3. 5
3. 5
5. 0
5. 0
5. 0
5. 0
5. 0
5. 0
5 0
5 0
9 0
9 0
9 0
9 0
9 0
9 0
8 0
8 0
8 0
8 0
9 0
9 0
9 0
9 0
9 0
13 0
13 0
13 0
13 0

3. 5
3. 5
3- 5
3- 5
3. 5
3. 5
1. 0
1. 0
2. 0
2. 0
2. 0
2. 0
2. 0
2. 0
1. 0
1. 0
1 0
1 0
1 0
1 0
2 0
2 0
2 0
2 0
3 0
3 0
3 0
3 0
3. 0
2. 0
2. 0
2 0
2 0

z
10. 5
10. 5
15. 75
15 75
70 0
70 0
10 5
10 5
10 5
10 5
15 75
15 75
70 0
70 0
10 5
10 5
15 75
15 75
70 0
70 0
15 75
15 75
70 0
70 0
10 5
15 75
15 75
70 0
70 0
10 5
10 5
70 0
70 0

V
0
l
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
0
1
0
1
0
1
0
1

Relative
Allocat ion
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

the demand function for on-peak electri
city.

As shown in Table 4, many more
%

For example, see L. Taylor, "The Demand for Electricity: A Survey,"
Bell Journal of Economics, Vol. 6 (Spring 1975), p p . 74-110.
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.032
.018
.006
.019
.021
.012
.119
.097
.058
.050
.013
.008
.015
.017
.017
.015
.031
.031
.010
.012
.081
.092
.016
.026
.013
.025
.045
.003
.012
.018
.021
.029
.016
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it is the least specific model that could
be used as a basis for an optimal design.
Based on it, it would seem that sample
size much in excess of the number of obser
vations currently being contemplated in
any of the time-of-day experiments will
be required in order to estimate

with

a reasonable level of precision.
The translog, on the other hand, suggests
that sample sizes in the neighborhood of
1000 can achieve a level of precision for
the estimate of
sample size
Figure 2:

that will allow us to

reject the hypothesis H q : ti-q = 0 at
conventionally high levels of confidence.*

Standard Errors of Elasticity
Measures as a Function of
Sample Size for the Quadratic
Approximation, Evaluated at

Of the functional forms available for
use in the design exercise, the translog
represents a very restrictive form, so

P1 = 7.2, p 2 = 2.2, z = 15.75.

these latter conclusions may be regarded
as among the most optimistic.

our estimates of n-Q and ri-^2
than the translog.

In fact, for

the example where n = 300, w^ = 0.50,

There are other relevant quantities that

the standard error of

might be considered in addition to (or

is a whopping

instead of) the price elasticities,

2.09a.'

such as the change in consumption on peak
The reasons for such a wide discrepancy

due to a change in the price difference

in precision of estimation in the two

between peak and off-peak, but these are

cases are several.

not considered here.

First, the translog

Finally, we should

model has fewer parameters and a more

note that the anticipated precision

restrictive functional form.

levels reported here are derived from

The quadra

tic function requires a spreading of

and depend on a model specification, and

observations among many design points

should be considered as indicators only,

while the translog "concentrates" atten

since in the experiment itself, of

tion on a few points.

course, the elasticities can be measured

Finally, in the

quadratic function the elasticities are

directly, either by relating a "treat

explicitly dependent on several para

ment" group to a "control" group or by
benchmarking the consumption patterns

meters and levels of prices and z.

of the treatment group prior to applying
time-of-day rates.

The quadratic function represents a
"worst case" situation in the sense that

*A similar conclusion follows for n12
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HOUSEHOLD DEMAND RESPONSIVENESS TO PEAK USE PRICING:
IMPLICATIONS DRAWN FROM EXPERIMENTAL STUDIES OF
CONSUMER DEMAND BEHAVIOR OF BOTH HUMANS AND ANIMALS*
Raymond C. Battalio and John H. Kagel
Department of Economics
Texas A&M University
College Station, Texas

Abstract
The authors approach the problem of demand responsiveness to peak use pricing
from the perspective of experimental economists working in the area of con
sumer demand behavior. Results from experiments involving both human and lab
oratory animal consumers are presented suggesting that wide classes of house-_
hold economic activities will be quite responsive to changes in peak use pricing
but that the demand for space heating and cooling will be highly inelastic
without major changes in capital stocks. The reasons for these differences
are discussed along with suggestions of low cost technologies for achieving
greater price responsiveness in space heating and cooling demands.
1.

INTRODUCTION

During the past few years public utility commis
sions of the United States have begun to seriously
consider adopting time-of-day rate schedules for
residential electricity consumers.' Although the
basic theoretical arguments underlying these
proposals have long been familiar-to economists,
attempts to implement actual rate schedules based
on these concepts have been hindered by the limit
ed empirical data available upon which to base
estimates of own-price elasticity of electricity
demand during a 2-4 hour period and the cross
price elasticity between the different price per
iods within a given day. This empirical data is
required for determining an economically efficient
set of relative prices, determining the revenue
yield of a given rate schedule and deriving the
equity implications associated with any particular

require considerable direct empirical research,
the results of previous studies examining related
behaviors may prove helpful in making the pragma
tic decisions required when allocating the scarce
research resources during such studies. In this
paper we report the results of several small scale
experimental studies which we feel will be help
ful in the above context. The data presented
focuses on the general area of individual inter
temporal reallocation of economic activity within
24 hour time periods. Individual consumer data
is presented for economic activities including
eating and drinking in addition to data for re
sidential electricity consumption. This data
provides some of the first direct information in
the economics literature on the degree of plas
ticity of the intertemporal allocation of
economic activities in response to changes in
economic contingencies. In addition, we present
data on the short-run (3-8 week period) respon

rate schedule.
Although determining the relevant elasticity
estimates for residential electricity demand will

siveness of total residential electricity use to

*This research is partially supported by NSF Grant GS32057
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changes in price and non-price factors. To the
extent that some uses of electricity may be less
substitutable than other uses within a day, e.£.,
space cooling or cooking during the 4-8 p.m. period
compared to washing dishes or drying clothes during
the 4-8 p.m. period, this data provides additional
information on the likely response to a time-of-day
price structure.

patterns could be altered such that the activity
was still done during the high price period but
the activity was changed to use less electricity,
e.£., run the dryer a shorter time, schedule meal
preparation to require less electricity or change
the thermostat setting during this time period.
These changes correspond to an overall decrease in
daily electricity use.

Given the intended goals of this paper--to present
data indicating the degree of responsiveness of
individual consumer behavior during daily time
periods which can be used in selecting empirical
research strategies (e.£., selecting experimental
parameter values or sample designs)--it is not
necessary to comment at length on either the
"relevance" of the individual subjects used in
these studies or the laboratory settings and
experimental designs. Rather, we will report only
those aspects of the studies relevant for our
questions. Detailed discussions of the studies
reported on here are available in the papers
referenced.

Although observed behaviors may well reflect a
combination of the above two alternatives, identi
fying the conditions under which either behavior
dominates would greatly aid in guaging the likely
impact of alternative rate structures. For ex
ample, if for a given use of electricity it can
be determined that little intertemporal realloca
tion takes place (the second case), then previous
information on the short-run own-price elasticity
provides a beginning measure of the sub-period ownprice response. Similarly, determining those
sources of energy use that are primarily shifted
to an alternative sub-period provides an initial
way to determine the overall impact of the price
increase during any given sub-period. That is,
if we can estimate the interdependencies of parti
cular energy using behaviors within a 24 hour
period, then a composite estimate can be con
structed from this micro-behavior.

2.

CONCEPTUAL FRAMEWORK

The short-run daily temporal pattern of residential
electricity consumption reflects the equilibrium
adjustment of numerous, interdependent daily be
havioral activities within a given environment,
capital stock, prices and income. The short-run
elasticity of demand for electricity during a
given sub-period of the day will depend upon the
degree to which total energy using behaviors are
altered during the given sub-period. Assuming
that an increase in the price of electricity
results in a reduction in total use during a given
sub-period of the day, it is useful conceptually
to consider two alternative behavioral adjustments
which could account for the reduction. First,
specific behaviors that are electricity intensive
such as drying clothes or cooking dinner could be
transferred to an alternative time period and be
replaced by other behaviors that are associated
with less electricity use. This change in behavior
would not result in very much change in total
daily use of electricity. Alternatively, behavioral
785

3.

INTERTEMPORAL REALLOCATION EXPERIMENTS

3.1 ACTIVITIES OTHER THAN ELECTRICITY
Within the economics literature little data is
available describing behavioral patterns within
24 hour periods or examining the interdependencies
of individual behavior within this time frame.
We begin by presenting empirical data which demon
strates that an individual's daily behavioral pat
terns do respond to changes in economic conditions
and, furthermore, these changes occur quite
quickly. First we present data which examines a
behavior that is spread out within a day (an ani
mal's feeding pattern) and becomes "peaked" when
economic conditions change.

Second, we report

data for a behavior that is initially "peaked"
(an alcoholic's drinking pattern) and becomes

spread out when economic conditions change. In
addition to demonstrating the extreme plasticity
of certain kinds of behaviors with respect to
their intertemporal patterns, the experiments
suggest complementary research paradigms which may
be of use in studying the behavioral processes
underlying responses to peak use pricing differ
entials.
During the past few years considerable theoretical
and empirical research has been directed towards
an examination of the interdependencies between an
animal's behavioral patterns and the ecological
niche it occupies and the habitat in which it
finds itself. One aspect of this research has
been to investigate the pattern of feeding shown
by an animal. The data below is taken from two
experiments in which the feeding pattern of male,
albino, short-haired Guinea pigs was studied (4).
The Guinea pig eating laboratory chow retains
some characteristics of the natural feeding
pattern in that it eats about 25 meals per day.
The study reported on examined the effects of
varying the cost of a meal on the feeding pat
tern, i-e., meal frequency, meal size and rate
of eating.
The paradigm used first offers the animal food
ad lib in the experimental situation to estab
lish a free feeding baseline. Then, access to
the feeder tunnel containing the food trough
was made contingent on pressing a T-shaped lever.
Once access was obtained by pressing the lever
a predetermined number of times, the animal
could control the duration of the meal by not
leaving the food trough for more than 10 conse
cutive minutes. The number of lever presses re
quired to gain access to the feeder tunnel was
varied from very low rates (5-10 presses per
period) to very high rates (over 2000 per access)
with each lever pressing requirement remaining
in effect for four days.
The results obtained show that the daily number
of meals was a decreasing function in the log of
the number of presses with a decline in the
average number of meals taken from 25 per day at

free feeding to 1 meal per day at the highest
pressing rates. The reduction in meal frequency
was associated with an increase in the food con
sumed per meal from 1.5 g. to 15 g.. The larger
meal size was due to increases in both meal dura
tion and the rate of eating. Relative to ad lib
control animals, all the experimental animals main
tained relatively normal growth rates throughout
the first half of the experimental sequence al
though their food intake was declining, suggesting
that feed efficiency has also changed. At ratios
greater than this reductions in growth rates,
relative to the ad lib control animals, were ob
served.
The changes in feeding behavior reported for the
Guinea pig was strikingly similar to the responses
of rats under similar experimental conditions.
The results obtained are consistent with the
general hypothesis that, in part, the ecological
niche an animal occupies determines its feeding
patterns (13, 14). Viewed in the more general
framework of an overall daily equilibrium pattern
of behavior, these data suggest that, within
limits, changes in the economic parameters of an
environment can result in relatively large changes
in intertemporal behavior and that the animal re
sponds quickly to these changes.
In contrast to the above "peaking" behavior intro
duced into eating patterns by changes in the price
vector, we now present data where the original be
havior occurred in a "peaked profile and the ex
perimental changes in prices resulted in an inter
temporal reallocation that spread behavior out
during the day. The behavior examined is the tem
poral distribution of alcohol consumption for
chronic alcoholics. The large social costs
associated with individuals who drink too much
too often have stimulated considerable research
efforts directed towards an examination of the
variables that control alcoholic drinking and
the development of techniques to alter this
pattern of behavior. The data reported is taken
from one of the studies in this area in which the
economic costs of drinking are altered.
Though
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many alternative definitions have been used to
describe alcoholic drinking behavior, one compo
nent of most of these definitions is that alcoholics
are incapable of stopping once they have begun
drinking. Indeed, alcoholics themselves often
believe that they cannot stop once they have
begun.
In this experiment 4 subjects, male chronic
alcoholic volunteers, lived in a hospital be
havior research ward (2). Volunteers were medi
cally and psychiatrically screened. Drinks were
available daily between 9 a.m. and 9 p.m., each
consisting of 1 oz. of 95-proof ethanol in 2 oz.
of orange juice. Drinks were purchased from the
staff with tokens. At the start of each day,
subjects were given a mixed number of tokens which
could only be used to purchase drinks. During the
control phases of the experiment the price of
drinks was always 1 token per drink while during
the experimental phases the price depended upon
the temporal pattern of consumption. If more than
2 drinks were consumed within an hour, each
additional drink cost 2 or 3 tokens each, or 2-3
times as much as the initial two drinks in the
hour.* The separate experimental periods lasted
between 3 and 8 days each with the total experi
ment lasting between 12 and 29 days.

stitutability these results suggest that questions
about the responsiveness to peak use pricing are
indeed empirical issues.
The above two experiments demonstrate that daily
behavioral patterns which might, a priori, seem
quite unresponsive to economic contingencies do
adjust significantly when economic variables; in
the environment are changed. The relatively large
responses obtained in the above studies are repre
sentative of a larger collection of experimental
research indicating a wide range of intertemporal .
substitutability of behaviors in response to
changes in economic contingencies (5, 6).
The experiments also suggest complementary research
paradigms to use in examining responsiveness to
peak use pricing differentials. First, the examina
tion of peak use pricing responses are ideally
suited to within subject designs where each subject
serves as its own control and the effectiveness of
an experimental intervention is evaluated through
its systematic introduction and withdrawal. Such
designs generally reduce the variance of response
measures by removing the between subject variance,
in which case one can reach a given level of
statistical significance with smaller sample

In each case, the higher cost conditions were
effective in reducing the frequency of high den
sity, concentrated drinking. For the three sub
jects initially showing the greatest concentration
of drinking during the control phase, the per
centage of absolute interdrink intervals of 30
minutes or more between drinks was significantly
increased (P < .04). The increased cost of
"peaked" drinking patterns, in terms of less
total drinks available within a given budget con
straint, resulted in a significant intertemporal
reallocation of drinking patterns. Given the na
ture of the behavior involved and the subjects'
own beliefs about the degree of intertemporal sub

sizes. Second, to the extent that the intertemporal
responsiveness of electricity demand to peak use
pricing differentials is a particular instance of
a more general behavioral process, certain elements
of the process may be isolated and studied more
efficiently under controlled laboratory settings
in conjunction with, or prior to, large scale
field studies. Such experiments can go far towards
narrowing parameters for analysis and sharpening
hypotheses to be investigated in field studies.
3.2 PEAK USE PRICING RESPONSIVENESS OF ELECTRICITY
DEMAND
Little direct research has been reported in the
literature examining the intertemporal patterns of
electricity use in response to peak use pricing

*Experimental conditions for three subjects consisted of a 2 token progressive
cost schedule only, while experimental conditions for the fourth subject con
sisted of periods with a 2 token progressive cost schedule and one period within
a 3 token schedule.
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differentials. However, available data is helpful
in placing bounds on the range of responsiveness
and in providing direct evidence on the effect of
non-price variables on use in demand metering
studies. We begin by describing a small scale
study of peaking behavior per se. This is followed
with data on changes in total use patterns which
are particularly relevant where space heating and
cooling demands are the dominant factors behind
peaking.
Electrical energy consumption was studied over
a three-month period (January thru March in
Seattle, Washington) for three volunteer families
using a chart recorder to record use for each
15 minute interval in the day (7). Subjects were
volunteer families of middle class income each
with two children and a wives' primary occupation
as housewife. None of the residences were elec
trically heated, but each had an electric stove,
a dryer, a dishwasher and an electric water heater.
The main variables examined were (1) information
about the implications of peaking on the local
environment and information about the wattage
ratings of household appliances; (2) a feedback
signal actuated by peaking in the residence; and
(3) feedback accompanied with a monetary incen
tive and further instructions both to motivate
subjects and provide more information about their
use patterns.
Peaking was defined as the energy consumed in a
15-minute interval that was in excess of the
criterion level. The criterion level used in
the study was the average of the 10 largest
15 minute use levels for each family during a two
week pre-experimental (baseline) period.
The experimental sequence was divided into six
two-week phases beginning with the installation
of the recording device (with the window over the
chart record covered) and the recording of the
pre-experimental (baseline period) data. During
the second two-week phase subjects were given
information on the relationship between peaking
and the controversial Ross Dam project and a

power ratings of household appliances. During
the following two weeks a small light bulb was
installed near the kitchen sink that was activated
whenever total current levels exceeded 90% of the
peak levels recorded in the two previous weeks.
An explanation of how the light could be used in
reducing peak consumption was also given. The
feedback light was then disconnected for two
weeks. Subjects were then informed that feedback
reduced peaking, but not by very much, and were
asked to make special efforts during the next two
weeks to reduce peaking. In addition they were
given the incentive to earn twice the amount of
their two-week electricity bill if peaking could
be reduced 100% compared to baseline. Proportion
ately smaller payments were offered for smaller
reductions in peaking. The feedback light was
reconnected and the cover over the recorder chart
was removed and subjects were instructed how to
compute peaking reductions from the chart recorder.
Information during the second two-week phase had
no effect on the recorded peak use behavior. Feed
back resulted in reduced peaking for each family,
with a minimum reduction of 30 percent in the
energy consumed above the peak criterion defined
above. The removal of feedback was associated
with a return to previous use patterns. The com
bined monetary incentive, feedback, and increased
information resulted in a minimum reduction of
55 percent. The removal of the monetary incentive,
disconnecting of the signal, the instructions that
the subjects were free to engage in a comfortable
pattern of consumption that would be representa
tive of their future behavior resulted in behavior
similar to that observed during the original twoweek baseline period.
The generality of these results are, of course,
limited by the sample size and the nature of the
subjects participating. However, through the
use of an own subject control design, the data on
the effects of both feedback, in the form of a
signal light, and the incentive conditions strongly
suggest that peaking patterns can be significantly
modified for households with comparable electricity

list of 100-W lightbulb equivalents for the
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use patterns. Interviews with the subjects at
the end of the experiment indicated that the
primary factors behind the reduction in peak
use were changes in the times at which dishes
were washed, showers were taken and clothes were
dried. The fact that all three families reported
the most difficulty in controlling behaviors acti
vating the hot water heater indicates the value
of current proposals to provide additional, inex
pensive, capital equipment to control the cycle
of electric water heaters where they are impor
tant elements of peaking. In addition, the
marked reductions in peak use associated with the
feedback light alone suggests the importance of
non-price variables as factors in modifying
peaking behavior.* The data suggests relatively
large returns to investigating alternative feed
back devices, and much work to be done on under
standing the interaction effects between feedback
mechanisms and price variables.
In the peaking study reported above, electricity
was not used for controlling room temperatures
and, although some changes were made in lighting,
the alteration of peaking behaviors was
primarily effected by an intertemporal redis
tribution of certain daily activities such as
dishwashing, showering, etc. The experience in
Europe and parts of the United States, where
peaking has been primarily the result of nonspace
heating and cooling factors, have all shown a
fairly high responsiveness to peak use pricing
differentials. Just as in the study reported
above, much of this responsiveness is attributable
to the relative ease with which the relevant be
haviors can be redistributed intertemporally, in
conjunction with the relatively inexpensive costs
of maintaining large hot water storage capacities.
However, in those parts of the U.S. where peaking
is primarily a result of space cooling or heating

demands in response to changes in weather variables
(given the costs of today's technologies for
maintaining a constant living temperature with
significantly different energy flows) the primary
response to peak use pricing differentials must
come in the form of reductions in use levels
rather than intertemporal reallocations. In other
words, since space heating and cooling demands
are not transferable intertemporally and storage
costs are quite expensive, the question of peak
use pricing response is in large measure dependent
upon how thermostat settings will be changed during
the higher price period for a given magnitude of
price change and a given vector of feedback infor
mation. Although answers to this question require
considerable further empirical research, some
relevant data is available from short-run studies
of demand responsiveness when space heating or
cooling is the dominant energy use. We will survey
these results below beginning with a study we con
ducted this past summer (1).
A sample of 129 residential electricity customers
were studied during the summer months (June through
August) in a southern region where typically 60-70
percent of the electricity use is for space cooling.
Eighty percent of the participants owned their own
residences, their median age was 42 years, median
net income was between $12,000 - $15,000, and 90
percent of the participants were married. The
study examined the effects of (1) different magni
tudes of price changes, (2) weekly feedback on
electricity use, and (3) information on electricity
costs and conservation information.
The electric kilowatt-hour meters were read on the
same day each week for 13 weeks. Each subject's
experimental data was compared to their own average
use during a two week pre-experimental (baseline)
period. The week-to-week changes in use due to
exogeneous factors,
, weather changes, were

*The large absolute response to the feedback lights alone could be attributed
to the subjects' strong energy conservation motives as a result of subject
pre-selection biases (subjects were solicited through a notice in a local
conservation club newsletter). Nevertheless the impact relative to baseline
and information conditions occurred under a presumably constant conservation
ethic which one would expect price differentials to foster in the average
consumer.
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netted out, resulting in a measure of the differ
ences in the changes in use between experimental
groups. (Adjustments were also made for periods
the residences were empty for 24 or more contiguous

large. Information alone did not result in any
decrease in use. These results replicate earlier
studies both with respect to the highly inelastic
own-price response where space heating and cooling

hours.)

are the dominant source of energy use (15) and
the total ineffectiveness of energy conservation

Households were randomly assigned to one of five
treatment conditions. One group was assigned to
a control group condition. An information group
received (1) two commercially prepared energy
booklets containing conservation and kilowatthour use data and (2) a detailed example of in
structions containing the local utility rate
schedule and showing how to compute their own
electric bill including fuel adjustment charges
and taxes. A feedback group received the above
information plus instructions on how to read their
meter, and a preprinted form on which to record
each week's electricity use that also contained
their average use for the past summer. Also
included were two types of direct feedback, (1)
a copy of their meter reading each week and (2)
a mailed form stating the current week's use and a
percentage comparison to the past summer's use.
There were two payment groups, each of which re
ceived the information and feedback on electricity

information on reducing energy use (3).
The highly inelastic price responsiveness reported
strongly suggests that in those parts of the country
where residential space heating and cooling demands
are the major contributors to peaking, that peak
use pricing differentials will have a substantially
smaller impact on smoothing loads than elsewhere.
In addition to the fact that space heating and
cooling are non-postponable in the same way that
bathing and washing dishes are, residential temper
atures affect all members of a household and all
household activities unlike specific use behaviors
which affect only a single member of the household
directly e.£., in the peaking study reported here
the primary adjustments in behavior were made by
the wife. Consequently the introduction of lowcost capital devices, such as automatic thermostat
controls, would probably aid in reaching and exe
cuting group decision to modify temperatures during
peak periods. Automatic controls would also enable
a decision to be made to reduce energy use during

use given the above two groups plus rebates for
reduced electricity use relative to previous use
patterns. The rebate schedules, which have roughly peaks well in advance of the peak. Research in
psychology suggests that the introductions of such
the same effect on the budget constraint as a
self-control devices would facilitate the actual
Slutsky compensated price change (see (1) for
execution of such decisions (8, 9, 10, 11). This
details), average 240% of the marginal cost of
electricity for one group and 50% of marginal cost literature also suggests some dividends, from
investigating alternative self-control and commit
for the other. The payment groups were informed
ment
strategies with a view to determining their
of their earnings each week and received the pay
cost effectiveness.

ment check after the first four payment weeks.

4.

Upper bound estimates of own-price elasticity for
the rebate groups were between -0.15 and -0.08
indicating a highly inelastic short-run respon

CONCLUSIONS

We have presented data from a number of sources
which we think are relevant to the question of
demand responsiveness to peak use pricing. In
cases where, through simple rearrangement of time
schedules and/or the availability of inexpensive
home storage capacities, electricity demand is
deferable over small subperiods— primarily hot
water use demands— the data suggests that peak

siveness to price changes (price elasticity
estimates were adjusted to be comparable to the
usual own-price elasticity estimates). Feedback
without monetary incentives resulted in a mean
decrease in use similar to the low price rebate
group although the critical value was relatively
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use differentials will significantly affect elec
tricity use patterns. Further, information feed
back devices have an important role to play, in
conjunction with price differentials, in smoothing
demand. In cases where demand for the commodity
is not transferable and home storage capacities
are expensive-primarily space heating and cooling
demands— data from short-run elasticity studies
suggest that there will be substantially less
smoothing of demand on response to time-of-day
pricing differentials. The data also suggest that
under these circumstances attention be paid to
devising optimal self-control and/or commitment
devices.
The studies reported on above also presented com
plementary research paradigms to use in examining
both the general processes underlying the response
to peak use pricing differentials and in examining
energy use behaviors per se. Small scale studies
based on own subject control designs can be used
to identify important variables and to better
understand the behavioral processes in question.
The pragmatic use of such small scale laboratory
studies prior to, or in conjunction with,
conducting relatively expensive large scale field
studies is well known (12).
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ECONOMIC IMPLICATIONS OF ALTERNATIVE PROPERTY
RIGHTS SYSTEMS FOR GEOTHERMAL RESOURCES*
Thomas D. Crocker
University of Wyoming
Laramie, Wyoming

Abstract
A system of property claims in geothermal steam reservoirs is outlined that
could cause the economically heat energy of the reservoir to be allocated among
claimants and over time in a more efficient fashion. At most, the proposed
scheme is second-best. It is nevertheless realistic.
1.

INTRODUCTION

assimilate information, the suggested scheme seems

The term "geothermal reservoir" may be broadly

applicable in a world of moral compromisors whose

defined as an area on or near the surface of the

capacity to elaborate alternatives and evaluate
consequences is finite.

earth where there naturally exist fluids to which
heat from rocks in the depths of the earth is

It is presumed that the Federal Government or a

being transmitted.

state government has not yet relinquished its semi

In this paper, a system of

property claims in geothermal reservoirs is out

nal proprietary claims to known geothermal reser

lined that could cause the economically valuable

voirs.

heat energy of the reservoir to be allocated among

of nonprice allocation requires the adoption of

However, because it is aware that the use

claimants and over time in a more efficient

nonmarket allocation criteria in order to deal

fashion than "cujus est solum maxim est usque ad

with excess demand, the relevant government is

coclum,"** the rule of capture, or possible geo

supposed to have decided to alter its wealth port

thermal versions of the various regulatory

folio by selling in a competitive auction its

schemes applied to oil, gas, and ground water

rights to each known reservoir.

The exact form of

reservoirs.

the auction need not detain us.

Our interest is

second-best.

At most, the proposed scheme is
Contrary to a great many proposed

solely in shaping the legal claim the government

"efficient" schemes that appear feasible only in

is selling.

Finally, in order to keep the length

a world blessed with tried and true men and women

of the paper under control, I assume that the num

who possess unbounded abilities to acquire and to

ber, in excess of one, of claims sold of any

*This paper is an excerpted and somewhat altered version of a portion of the
report, The Legal and Economic Aspects of Geothermal Development, by Sho Sato
and the above author for NSF Grant // GI-37857.
**This phrase exhausts my knowledge of Latin. Loosely translated, it states
that the common law claim of the overlying landowner extends from heaven to
hell.
***Some readers may consider this assumption insufficiently realistic.
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particular shape is a matter of indifference.
In shaping the claims it is to sell, the govern
ment is anxious that the end result promote eco
nomic efficiency in the use of the geothermal
resource.* This requires that it shape a set of
claims motivating each holder to choose a mix and
magnitude of inputs minimizing the cost of
extracting a given quantity of heat energy from
the reservoir.

These claims must also, from the

prospective of the potential buyer, cause him to
expect to face only small costs in establishing
the nature and the scope of any claim he pur
chases.

This serves to reduce the holder's uncer

tainty, increases the expected value of the claim,
and thereby enhances the holder's incentive to
extend the amount and the duration of his invest
ment in the reservoir to which his claim attaches.
Finally, the set of claims must be structured so
as to minimize the costs of exchange.

will leave insufficient fluid to transmit the heat
energy from the hot rpcks.

the steam phase, increasing reservoir permeability.
Fifth, depending upon the rate of extraction and
recharge, the temperature of extracted fluid may
decrease if the heat is flowing from the hot rocks
to a greater mass of fluid, thereby lowering the
enthalpy of the fluid.

may adversely or beneficially affect a producing
well.

energy extracted within a particular time interval
at this well location is not independent of the
applications of inputs at other well locations in
the same reservoir or perhaps even contiguous
reservoirs.

reservoir is under multiple claims and management
or a single claim and therefore unified management.
If all economically valuable attributes of a
reservoir were embodied in a single claim at the

2. PROBLEMS IN SHAPING ECONOMICALLY EFFICIENT
CLAIMS

time of the government's initial disposal of
claims, and if this claim were to be indivisible,

For geothermal reservoirs, perfection with

the earlier stated criteria for an economically

respect to the immediately preceding criteria

efficient shape of claim would appear to be more-

will be far from easy to achieve, particularly if

or-less fulfilled.

there are multiple claim holders within a single
The reason is that extraction of the

will have one and only one claimant.

not be clear whether two or more adjacent claims

First, since

are in the same or distinct reservoirs.

the reservoir fluid is migratory, one well may

Waiting

to dispose of the government's proprietary rights

Second,

until full information is acquired would fre

one well may cause the fluid to migrate laterally

quently be uneconomic.

This migratory fluid may be

Many geothermal reservoirs

are several thousand acres in size.

colder or hotter than the upward moving fluid

The capital

requirements for exploitation of such an area,

that was being extracted in the latter well.

given the risks inherent in a fairly new technology

Third, with the depletion of the fluid, the

and the relative lack of knowledge about reservoir

enthalpy of the fluid might be increased since
the heat now flows to a lesser mass.

The extent

of each reservoir is imperfectly known and it may

tially to involve several dimensions of recip

toward another well.

However, it seems unlikely for

several reasons that each geothermal reservoir

heat energy from these reservoirs appears poten

drain the fluid away from another well.

The physical and economic nature of

the problem is utterly unaffected by whether the

devote the claim to its highest-valued use.

rocal, nonseparable externalities.

In general, for a particular application of

inputs at one well locat-ion, the incremental heat

will ultimately be held by someone who will

reservoir.

Finally, reinjection of

waste fluid or imported water at a given location

In doing

so, the likelihood is improved that the claim

Fourth, with fluid

depletion, the fluid may turn from the liquid to

attributes, are substantial.

However,

Only the least risk-

averse with rather large endowments of idle funds

this will probably only occur over a limited

could attempt to undertake production.

interval of extraction because severe depletion

*Some readers may consider this assumption insufficiently realistic.
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Finally,

although this seems a bit far-fetched, the legal

market to arrive at an efficient means of volun

view of competition may inhibit efforts to have

tary coordination of the various claimants' produc

each reservoir owned by a single claimant.

tion activities in a single geothermal reservoir.

All in

all, it seems highly likely that the result of gov

It will frequently be true that there will be a

ernment disposal of its proprietary rights will be

number of alternative outcomes for the coordinated

multiple claims in each reservoir.

activities, each of which is better than the status

The major

problem of the government, then, is to shape the

quo for one or more claimants but none of which is

claims it is to sell for each reservoir so that,

better for all claimants.

insofar as possible, the potential for reciprocal,

efforts to establish a framework for coordination

The results of voluntary

nonseparable externalities will not become actual.

thus depend on the extent to which a claimant can

It might be asserted by some that the initial

be induced to move from his most preferred posi

shape of the claims is really of no great impor

tion to a position that is more favorable to other

tance.

claimants.

According to this view, the courts, via

These final positions seem likely to

the adversary process, and the market, via merger

reflect the differences in bargaining endowments

and exchange of nonprice terms, will assure that

among the operators; that is, the shrewd, the bold,

an economically efficient claim shape will ulti

and the strong are more likely to obtain a basis

mately emerge,*

for coordination most favorable to their own inter

In the case of geothermal reser

voirs, this assertion is certainly arguable, if

ests.

not downright implausible.

ants whose claims provide them with structural

The strong will usually include those claim

advantages; that is their extraction of heat energy
As for the courts, they act in an ex post fashion.

will cause heat energy elsewhere in the reservoir

The decisions they arrive at are frequently

to migrate toward their well locations.

influenced by the economic mistakes already in
place, e.g., fixed investments of various sorts.

sound legal advice, "knowing the ropes" with a

They often lack technical expertise and are insti

state agency) may be distributed so the bargaining

tutionally limited in the alternatives they can
consider.

Moreover,

bargaining resource endowments (e.g., access to

outcome that will finally prevail is preordained.

Finally, the domain of concern in the

adversary process only indirectly extends beyond

A reluctance by the individual claimant to bargain

the domains of the litigating parties.

with his fellow claimants may, from his perspec
tive, be justified by a cost of disagreement that

One cannot be optimistic about the ability of the

could accrue by waiting to reopen the negotiations

*If, for example, the reservoir is being exploited under the rule of capture,
the following catalogue of inefficiencies will give the claimants the incentive
to mend their ways and the courts the incentive to intervene. Excessive quanti
ties of the valuable fluids are extracted in periods close to the present and
the marginal social costs of these fluids will exceed their prices. A race for
capture occurs implying that quantity supplied will be quite unresponsive to var
iations in price relative to a setting in which the activities of the various
claimants are coordinated. Given the relative price inelasticity of supply, mar
ket price fluctuations in response to demand shifts are more extreme. Develop
ment costs are raised because increases in the rate of extraction require a more
rapid rate of application of extraction inputs. Operating costs are increased
because the extraction of any given unit of fluid is not assigned to the lowest
marginal cost location within any single reservoir. An absence of cooperative
coordination in extractive activities does not provide the organizational base
or precedent for exploitation of scale economies in surface facilities and inhi
bition of environmental damages from subsidence, destruction of ground water,
and disposal of waste materials. Finally, this rather long catalogue of higher
expected costs and lower expected revenues discourages the search for new reser
voirs and thus ultimately reduces the inventory of known economic reserves.
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at some future date.* Opportunities may later

Perhaps the most important obstacle to arriving at

become available that would be foreclosed or made

an efficient level of coordination after the ini

much more costly to exploit by making a techni

tial conveyance of claims is the constraints

cally or legally irreversible commitment in the

imposed by the long-lived features of the already

present.

adopted production and administrative technology.

In addition, if the gains generated by

any coordination scheme can accrue to a particular

For example, geothermal heat energy, if used for

claimant only if the promises made by other claim

electricity production, heating, or cooling, must

ants are self-enforcing, the gains accruing to the

be used near the point of extraction.

individual claimant might appear highly problem

area for the heat energy is therefore rather

The market

atic; that is, the coordination effort may pose a

limited, possibly resulting in a very concentrated

high risk of failure and therefore have a rela

buyer's market.

tively low value productivity.

already entered into a contract with a monopsonist

If one heat energy producer has

utility to furnish the heat energy for electricity
Additional opportunities for strategic behavior in
any attempt to coordinate the activities of the
multiple claimants abound.

Most coordination

The claimant who desires coordination then

has no alternative claimant to whom he can turn if
a particular claimant declines to negotiate.

Each

claimant thus holds virtual monopoly power over
the supply of coordination efforts.

the contract, the heat energy producer is not
likely to share voluntarily his advantage with

schemes will require the adherence of all claim
ants.

generation, and if the utility's demand is met by

others, even though his wells may not, in terms of
the enthalpy of the fluid, be at the least-cost
locations.**

In effect, the positions from which

later bargaining is initiated are influenced by
the sunk investments.

Time paths of development

that are and would continue to be economically

*McDonald ^ ’ P' 2°°^notes that voluntary unitization in oil reservoirs typically
takes place only after substantial exploration and development have occurred.
**In the absence of voluntarily adopted coordination, many writers opt for com
pulsory "unitization" of the various claimants. Frequently the point is little
more than a semantic trick; multiple ownerships cause externalities in common
pools. By forming a single ownership or management, the externalities will, by
definition, be made internal. The relevant point is, of course, not internaliza
tion as such but the incentive internalization (unitization) can give to take
into account certain dimensions of interdependence among the set of claimants
that went unconsidered when the operators were acting autonomously. In order
for this Incentive to be operative, unitization must reduce the opportunities
for strategic behavior by individual operators and must produce increases in
total returns from the reservoir in excess of the costs of maintaining the uni
fied system. Unitization in the fluid reservoir literature appears to be synon
ymous to centralization in the economics of comparative systems literature.
McDonald (4, pp. I98-J.99) defines unitization as "the practice of unifying the
ownership and control of an actual or prospective oil or gas pool by the issuance
or assignment of units or undivided interests in the entire area with provision
(my emphasis) for development and operation by an agent. . .representing all
holders of individual interest therein." He distinguishes between two general
types of unitization agreement: a merger of title in leases in which each leasee
becomes a co-tenant of each tract in proportion to his ascribed interest in the
whole unitized area; and, a pooling of interests in production in which each
leasee retains full title to his lease, but title in production is pooled so that
each leasee shares in total returns and costs in proportion to the percentage
interest ascribed to his tract. The problem with McDonald's definition is that
he fails to be specific about the domain of decision variables included in the
"provision for development and operation." If one takes the definition literal
ly, a reservoir is unitized whenever a central manager acts with respect to any
variable whatsoever on behalf of the owners or operators. For a discussion of
the difficulties in giving analytical content to the notion of centralization,
see Koopmans and Montias(2).
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efficient prior to initial investment can be made

the operator to choose a mix and magnitude of in

technically impossible or economically inefficient

puts that minimizes the cost of extracting a given

by poor choices of initial investment strategies.

quantity of reservoir fluid, the appropriative
right is economically to be preferred to rights

3. THE CLAIM UNIT AND ITS SHAPE

defined in terms of the application of inputs,

Accepting the above arguments that the shaping of

given that more-or-less similar Informational

claims prior to government disposal of proprietary

costs are associated with the two alternative

rights will frequently lead to outcomes more eco

definitions.

nomically efficient than after-the-fact attempts
to patch up the system by perturbing already es

By giving each claimant the right to a definite

tablished positions, it remains to explain what

quantity of reservoir fluid, an appropriative

shape these claims might take.

rights system that permits all claimants to produce

Before devoting

simultaneously might at first glance appear to

attention to shape, however, one must decide the
unit it is that one is going to shape.

negate the nonseparability problem. In fact, it
does nothing of the sort, for the value of any

The units of analysis in terms of which claims

particular right continues to be dependent upon

are defined could conceivably be inputs applied to

the production activities of other claimants in

the reservoir, output from the reservoir, reser

the reservoir.

voir and fluid attributes, or some combination of
the preceding three.

rights system does serve to make the claim of any

Given the absence of a homo

single claimant easy to identify and verify.

geneous physical unit that permits practical mea

form of ownership and the scope of rights.

might be applied to geothermal reservoirs and fur

In

doing so, it reduces the costs of exchange and

ther given that technology for extracting the val

thereby improves the likelihood that a right will

uable fluids is unlikely to remain static, we will

ultimately be held by a claimant who finds it

dismiss the first alternative from serious consid

worthwhile to devote .the right to its highest-

This, however, does not mean that it

valued use.

will never be worthwhile to specify the quantities

It consequently increases, relative

to the rule of capture situation, the expected

of particular types of inputs to be applied in a
reservoir.

It

therefore reduces the costs of establishing the

surement of the variety of diverse inputs that

eration.

The adoption of an appropriative

value and thus the amount of investment in the

Adoption of claim specifications de

reservoir.

fined on inputs could occur because inputs are all

Basically, the adoption of an appro

priative rights system curbs the tendency of

that is sometimes readily susceptible to measure

claimants producing under the rule of capture to

ment and because the extent of their use is

treat the fluid remaining in the reservoir as a

thought to be related to more fundamental yet pos

zero-priced good.

sibly difficult to measure factors such as reser

However, the positive price

that it causes to be attached to some claims is

voir drive, fluid temperature, and the level of

strongly related to the production activities the

fluid extraction.

market expects of other claimants:

the cost of

The second or output-from-the-reservoir alterna

exploiting a particular right continues to be

tive is worthy of more serious consideration if

strongly dependent upon the actions of other claim

only because, under the guise of the appropriative

ants.

and correlative rights doctrines, it has so fre

absence of rights per se, are the major sources

quently been adopted for water.

of uncertainty about the stream of economic returns

In the case of a

If these other activities, rather than the

geothermal reservoir, a claim defined in terms of

to be had from exploiting a geothermal reservoir,

output might specify the amount of the fluid that
can be extracted at a particular location. If

the adoption of an appropriative rights system
alone cannot be expected to contribute greatly to

only because the appropriative right motivates

the economic efficiency of this exploitation.
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A sequential appropriation system in which junior

appropriator is increasing the junior appropria

appropriators are not guaranteed their quantities

tor 's marginal costs of exploiting his quota.

of the fluid until more senior appropriators have

The higher these costs, the less the juniors

exhausted their own quantities would effectively,

will produce during the current period and there

remove any nonseparabilities during the time peri

fore the less the extent the production activities

od in which claims are defined.

of the juniors will cause declines in such reser

Within the annual

period no claimant would have to account for the

voir attributes as pressure and temperature.

simultaneous production decisions of other claim

course, the greater are the values of these re

ants in order to establish the net-revenue-maxi

servoir attributes, the less the marginal cost

mizing level of his own production.

to the senior appropriator of producing his legal

A more senior

Of

appropriator need not be concerned about the pro

ly authorized quantity of output in the succeed

duction activities of more junior appropriators

ing period.

since the latter cannot produce until the former

tors

have exhausted their annual claims.

The ease with which senior appropria

can impose costs upon junior appropriators

implies that a junior right would have relatively

Similarly,

the history of senior appropriator production

little value in the market.

decisions would already be given the more junior

a sequential appropriative system would likely

appropriator.

result in one or only a very small number of

The cost to the junior appropriator

Strict adherence to

of extracting a given quantity of reservoir fluid

owner-operators in each geothermal reservoir.

would depend solely upon his own decisions.

complete reservoir unitization is thought to be

For

If

any individual appropriator, the state during the

desirable for reasons of economic efficiency (in

current production period of those economically

order to combat the problems of strategic behavior

relevant reservoir attributes such as temperature

among multiple owners), the adoption of a sequen

and pressure would, when he is actually producing,

tial appropriative system of rights to extract

be altered by no human activities other than his

fluid from the reservoir would do much to encour

own.

age unitization.

In effect, a system of sequential appropria

tive rights would negate all nonseparabilities in

If, for some reason, multiple ownerships and

the current period among claimants simply because

operations remain, one might lessen the force of

only a single claimant would be producing at any

the above point by assigning each right a unique

point in time.

and different time interval within any given time

Nevertheless, the above neither implies that more

period in which to produce.

senior appropriators would be unable to influence

period for which rights are assigned is a year,

Thus, if the time

the production activities of junior appropriators

the most senior appropriator's right might be

in the current period nor that nonseparabilities

operative only for the first week or month of the

would disappear across periods.

year.

Assume that oper

The next most senior appropriator would

then be the sole producer over the second time

ating costs are inversely related to the rate at
which a given volume of output is attained, i.e.,

interval within the year, and the most junior

that marginal operating costs increase with con

appropriator would be the last to produce.

The

tractions in the time interval over which a par

length of the intervals within the time period

ticular quantity of output is produced.

might be weighted by the quantity of production

Further

assume that senior appropriators are identical

permitted by the appropriate right.

from period to period.

gain, if any, in economic efficiency from such a

Under these circumstances

The net

the more senior appropriator would have an incen

scheme would be determined by the gain from

tive to make his last unit of legally authorized

doing away with nonseparabilities among owners'

production as close to the termination of the

and operators' decisions about production rela

period as possible.

tive to the costs that would accrue to each

In doing so, the senior
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owner and operator from an inability to produce

it will have a lesser degree of uncertainty and

legally on a continuous basis.

will therefore employ a lesser downward adjustment

In the case of

geothermal steam at least, there seems to exist

in his bid.

no severe technical problem in temporarily shut

bids of those who have operating experience will

ting down individual wells.*

tend to be higher.

Instead of predetermining the calendar interval

basis of the highest bid, this means that senior

over which a particular right will be exclusively

appropriators will tend to be similar from one

operative, one might accomplish the same objective

period to another.

This then means that, on average, the

If claims are awarded on the

In those instances where this

by reducing the likelihood of senior appropriators

is not true, the new operators might well have to

being identical from time period to period.

undergo the same or similar learning experiences

This

might be done, for example, by holding competitive

as the former operators.

auctions at the start of each period for the se

learning process involves an expenditure of

quential appropriative rights.

resources and to the extent that specialized

An intermittent

To the extent that the

knowledge about reservoir attributes is nontrans-

auction, however, would seem to have rather seri
ous economic disadvantages associated with it.

ferable or transferable only with expenditure of

Most importantly, it would cause present appro

real resources, the removal of the older operators

priators to be uncertain about the scope and the

generates an unequivocal social cost.

form of their future rights.

All of the preceding commentary implicitly assumes

To the extent that

legally unconstrained processes for extracting

that the quantity of fluid extracted from the

fluids from geothermal reservoirs involve long-

reservoir over a given time period is related in

lived investments, the introduction of uncertainty

a known or in a linear fashion to those economic

about future rights will reduce the expected re

ally relevant reservoir attributes such as tem

turns and therefore the magnitudes and time dura

perature and pressure.

tions of such investments.

between fluid quantity extracted and reservoir

Furthermore, it is

If the relationship

even possible that adoption of the auction will

pressure, for example, is known or is linear, it

defeat or at least fail to contribute to the very

is unnecessary to define claims in terms of any

purpose it is intended to serve.

thing other than the fluid quantity extracted or

In general,

those participants in the auctions who have not

some other measure of output.

yet held rights to exploit the reservoir in ques

given quantity at a particular location upon pres

tion will possess less knowledge about its attri

sure at another location would, cet. par., always

butes than those participants who have held and

be readily inferred by simple observation of the

continue to hold rights.

The relatively unknow-

relevant output quantity.

The effect of a

An individual claimant

ledgable participants will be aware that if they

would be able to assess the potential effects of

attempt to value their bids solely on the basis

the production activities of other operators upon

of their expectations about the stream of net

the values he faces of the economically relevant

returns from a claim, they will on occasion over

reservoir attributes by simply observing the out

bid and win the auction.

puts the rights of other claimants permit them.

They therefore adjust

their actual bids downward in proportion to their

Since these reservoir attributes are the media

degree of uncertainty about the economically rele

transmitting the effect of one claimant's produc

vant attributes of the reservoir.

A participant

tion activities upon those of another, definitions

who already has acquired some knowledge of the

of claims solely in terms of output would also

reservoir from his own operating experience with

define the uncompensated costs one claimant can

*See Budd^^for a commentary on the temporary shutting down of wells in the
Guysers steam field of California.
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legally Impose upon another.

However, when the

circumstances for each reservoir.

The costs of

relationship between output and reservoir attri

operating the attributes rights system could be met

butes is unknown and nonlinear, failure to define

without affecting marginal production decisions by

rights in terms of reservoir attributes may permit

charging a fixed absolute fee to each holder of

senior appropriators to transmit substantial un

rights.

compensated costs to junior appropriators.

the entire reservoir is thought to be relevant, de

For

Except insofar as the total output from

example, the pressure at other reservoir locations

fining rights in terms of attributes and output

might be sensitive in some unpredictable way to

would be redundant.

well spacing adopted by a particular operator.

A

rights that must be met would constrain the quan

right to produce defined only in terms of permis-

tity of output that could be produced.

sable output allows the parameter that is the

It should be noted that the problem of treating

medium through which the operator can impose costs
upon others to be treated as a free good.

replenishment of reservoir fluid is readily handled

That

by the attribute rights system.

is, given his output quota, the operator has no

ted pressure drops at various depths of the verti

process he adopts will affect the production op

cal extensions of the boundaries of a surface area.

The quantity of

The individual claimant would approach the recharge

output embodied in the appropriative rights will

against the benefits of the additional output he

be attained without regard to the effect upon the

could obtain by delaying his permitted drop in

reservoir attribute through which the externality
is actually transmitted.

One of the rele

vant attributes, for example, might be the permit

incentive to consider and weigh how the production

portunities of other operators.

The values of the attribute

pressure.

Adoption of a system of
The above discussion presumes that the behavior of

sequential appropriative rights defined solely in
terms of the exclusive right to produce from a

the economically relevant attributes of the reser

multiple owner reservoir over a finite calendar

voir is sufficiently well understood to permit def

period (or any other system of appropriative

inition of claims in terms of them.

rights defined solely in terms of output) would

assumed that all claimants have access to informa

mean that economically scarce reservoir attributes

tion with respect to the effect of each claimant's

would have zero prices attached.

activities upon reservoir attributes.

The consequences

It is further

In both

would be identical in character to the consequen

cases, claimant disclosure of acquired information

ces of treating any other economically scarce

on the behavior of reservoir attributes is implied.

resource as if it were free.

Since, however, the information acquired is inci

This problem can be

negated, however, by defining in multiple owner

dental to production activities and since it has

reservoirs sequential exclusive rights to produce

some of the characteristics of a public good, dis

over finite calendar periods in terms of permitted

closure requirements should work no hardship upon

changes at specific locations in economically

the claimant.

relevant reservoir attributes.

of information by an additional economic agent

The values of the

In particular, the use of a stock

does not reduce the size of the stock.

economically relevant reservoir attributes would

Thus no

sometimes cause welfare losses because they would

social cost is involved in providing other claim

not always correspond to the values that would be

ants and a central coordinating agency, if one

established in a negotiation process having a

exists, what would otherwise be private foreknow

close approximation to a competitive market.

ledge.

Any

Failures of the individual claimant to dis

choice between rights defined in terms of reser

close foreknowledge about reservoir conditions

voir attributes and the use of a negotiation pro

serve only to redistribute wealth from claimants

cess to establish values for these attributes

who lack information to the claimant who possesses

requires an empirical evaluation of the particular

it.

Such restrictions on the disposal of already

existing information do not serve to generate

800

wealth; one claimant gains and the others lose,

the renewal option feature makes the position of

but there is no change in production opportuni
ties. *

the senior appropriator quite secure.

Information disclosure by existing claimants also

bias introduced with respect to capital investment

assists the government in determining the amount of

programs would be slight.

the resource to which it has not yet yielded pro

ed, the cost of interest totally dominates the cost

prietary rights.

of capital regardless of the length of the produc

In any case,

if the right duration is twenty years or more, any

Furthermore, it permits the gov

When decades are involv

ernment to shape future claims for disposal more

tion run to which the capital is to be devoted.

precisely and better enables it to ascertain the

passing acquaintance with tables of compount inter

actual market value of these claims.

est makes the point clear.

The informa

A

For example, the cash

tion disclosure requirement when combined with the

flow required to amortize a capital outlay in

attribute rights system makes it feasible and

twenty years at an eight percent rate of interest

even desirable to dispose of the rights in a se

is only slightly more than the flow needed to pay

quential and conservative fashion.

drilling of a well and production from it, addi

interest on it in perpetuity. In short, from the
perspective of a potential buyer of a right, it

tional information becomes available, making it

would not make much difference whether a twenty or

possible to shape subsequent rights in a manner

a sixty year right duration was employed.

that takes into account more dimensions of inter

if initial right specifications and quantities have

dependence among ultimate claimants.

caused inefficiencies, the twenty year duration

With each new

However,

provides an earlier, and therefore a more valuable,
If, as seems likely, the attributes and the behav

opportunity to undertake corrections.

ior of the reservoir are initially ill-known,
Economic arguments can also be found to justify

sound economic arguments exist for making the time
durations of the rights finite,* given that op

specifying the end-use to which the resource each

tions to renew the rights at the end of the dura

right represents will be put.

tion are rank-ordered according to the seniority

developer of the resource is best able to deter

ranking of the original right holders.

mine its most efficient use, the end-use to be

Basically,

On grounds that the

recognizing that a negotiation process among

specified in the right is that initially declared

claimants cannot be depended upon to correct past

by the developer.

mistakes, a finite duration for each right permits

duration, the end-use could be altered only with

the relevant government agency to acquire and to

mutual agreement between the developer and the

use new information about the reservoir in order

user, e.g., an electricity generating facility.

to correct previously unanticipated effects of

The arguments for the specification of end-use in

production nonseparabilities and to alter the rate

the property right have their rationale in the

of reservoir heat extraction in a manner enhancing

nontransportable nature of geothermal energy and

resource recovery.

the strong interdependence this nature introduces

If resource recovery calls for

Within the period of the right

reducing the rate of extraction, junior rights can

between developers and users of the resource.

be permitted to lapse upon their expiration.

particular, a specific user or users who agree to

Al

In

though finite duration for rights does make aged

buy the resource from a developer are agreeing to

capital appear to be progressively more attractive

buy a resource flow that has specific attributes

as one approaches the terminal date of the right

only at a specific site.

Once having made the

*The analysis underlying this argument is available in Marshall (3) and referen
ces therein.
**This feature is to be distinguished from the earlier discussion of giving a
claimant the exclusive right to produce during a relatively short calendar
period, e.g., a year.
801

agreement, the developer no longer faces numerous
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the University of Wyoming, Laramie. He received
his Ph.D. in 1967 from the University of MissouriColumbia and has taught at the Milwaukee campus of
the University of Wisconsin and the Riverside
campus of the University of California.

ties make independent decisions with respect to
changing market circumstances.
4.

SUMMARY AND CONCLUSIONS

This analysis has dealt with the trade-offs im

Crocker has authored approximately fifty published
research articles and reports in the general area
of natural resource and environmental economics,
with particular emphasis upon the benefits of
pollution control and the incentive and informa
tional properties of alternative allocation modes.

plicit in various property right shapes in a com
mon pool where multiple owner production decisions
are nonseparable. The property rights structure
itself is seen as a variable of the decision prob
lem in managing the common pool that is the geo
thermal reservoir.

The problem has been viewed as

one of finding a set of obligations for developer
behavior that make each claimant's costs and re
wards less dependent on his joint relations with
other resource owners.

Likely and important con

tingencies defined in terms of reservoir attributes
are to be specified and appropriate responses are
to be stipulated.

Objective and measurable per

formance standards for permissible changes in
these reservoir attributes are to be formulated.
These standards may not always be consistent with
maximizing the value of joint output under condi
tions where the coupling of output responsibility
and rewards poses only trivial measurement prob
lems.

Thomas D. Crocker

Regularity, coherence, and predictability

about the behavior of all owners is nevertheless
Introduced to a greater degree than under the rule
of capture.
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REGIONAL IMPACTS OF THE ENERGY CRISIS ON
AGRICULTURAL PRODUCTION
Dan Dvoskin and Earl 0. Heady
The Center for Agricultural and Rural Development
Iowa State University, Ames, Iowa

Abstract
An interregional linear programming model of U.S. agricultural
production is used to analyze the regional economic consequences
of higher energy prices and a severe energy shortage in 1985.
1.

INTRODUCTION

Energy is one of the major factors affect
ing input costs.

An important characteristic of U.S. agri
culture is its regional variability.

Direct energy costs

such as fuel for tractors and liquid

Cli

ulation growth, and other elements all

petroleum gas (LPG) for drying are
relatively a small part of the total costs

affect regional specialization of U.S.

of agricultural production [4].

mate, soil type, water availability, pop

agriculture.

However,

energy prices have a major role in deter

Rainfall, temperature, and

other climatic conditions determine crops

mining fertilizer prices, irrigation and

which can be grown in a given region and

transportation costs.

The objective of

their corresponding yields and water

this study, therefore, is to determine the

needs.

regional impact of increased energy prices

Soil type, land topography, and

and an energy shortage on resource use in
agricultural production. The study also

rainfall determine the intensiveness of
the cultivation practices and the farming

indicates the regional changes in crop

practices to be used.

production which would take place in re
Although physical and environmental char

sponse to high energy prices and an ener

acteristics or variables favor specializa

gy shortage.

tion, interregional shifts in production
2.

are continuously underway in agriculture.

THE MODEL

These shifts are made in response to

The interregional linear programming model

technological changes, relative price

used in this study has been developed un

changes reflecting varying domestic and

der a grant from the National Science

export demand, and changes in input

E’oundation (NSF) to the Center for

costs.
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of production, transportation, and other

Agricultural and Rural Development
(CARD).*

inputs are in terms of 1972 prices.

The model is based on 105 pro

ducing areas and 28 market regions.

How

ever, energy prices have been adjusted to

It

assumes competitive equilibrium and mini

reflect the relative larger changes in

mizes the total cost of crop production,

energy prices between 1972 and 1974 over

transportation, and the cost of various

other agricultural inputs.**

inputs used in crop production such as

It is important to point out that the re

fertilizer, energy, water, and land.

The

sults derived are obtained under the as

minimization procedure is subject to a set

sumption of no energy waste in agricultur

of linear restraints corresponding to the

al production.

availability of land, water, fertilizer,

suit of the nature of the fixed coeffi

This assumption is the re

and energy supplies by regions, produc

cient characteristics of the linear pro

tion requirements by location, the nature

gramming model used in this analysis.

of crop production, and a final set con

Fossil fuel energy needs per acre can be

trolling domestic and foreign demands.

changed only with a given set of farming

There are 880 restraints in the model.

methods assumed in the study.

Activities in the model simulate crop

duction in energy use per acre can be

rotations, water transfer and distribu

achieved by farmers applying less fertil

Thus, a re

tion, commodity transportation, chemical

izers, irrigating less area, and using

nitrogen supplies, manure nitrogen sup

more reduced tillage.

plies, and energy supplies.

2.1

There are

10,700 activities in the model.

This is the control alternative, and it i

enous crop activities are corn grain,

used for comparison with the other two

sorghum grain, corn silage, sorghum

alternatives.

silage, wheat, soybeans, cotton, sugar

Model A represents a "nor

mal," long-run adjustment of agricultural

beets, oats, barley, legume and nonlegume
hay.

THE BASE RUN (MODEL A)

Endog

production when no restrictions are im

The projected production and re

posed on the availability of energy and

gional distribution of all other crops

energy prices remain at their 1974 levels

and livestock are exogenously determined.

Thus, the base run simulates the behavior
All alternatives refer to 1985 and assume

of agricultural production under somewhat

a U.S. population of 232.2 million.

higher energy prices caused by the energy

All

alternatives assume the same agricultural

crisis of 1973-74, but with no limitation

exports.

on energy use.

Because of the identical export

levels and the minimization nature of the
2.2

study, the national production levels for
all alternatives are all the same.

HIGH ENERGY PRICES (MODEL B)

This alternative reflects the very likely

Cost

*For a complete description of the model and other energy issues
see "U.S. Agricultural Production Under Limited Energy Supplies,
High Energy Prices, and Expanding Exports," CARD Report 69 [3].
**Between 1972 and 1974 the index of prices paid by farmers in
creased by less than 40 percent while fuel prices more than
doubled [5].
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3.

situation of much higher energy prices in
the near future.

Under this alternative,

IRRIGATED VS. DRYLAND PRODUCTION

The largest regional shift of agricultural

the cost of energy (KCAL) is assumed to

production in response to high energy

be twice the base run energy cost.

prices and energy shortages would take

In

the base run (Model A), the national

place from irrigated cropland in the West

average energy cost is 0.858 cents per
1000 KCAL.

to dryland farming elsewhere.

Hence, under high energy

The rea

sons for such a shift are large differ

prices (Model B) the national average

ences in energy intensity between dryland

energy cost is assumed to be 1.716 cents
per 1000 KCAL.

and irrigated crops (Table 1).

2.3

ments by irrigated crops would generally

These

results show that increased energy require

ENERGY SHORTAGE (MODEL C)

A severe national energy shortage at the

be more than proportional to increased

rate of 10 percent is assumed to occur

yields because of irrigation.

under Model C.

This shortage is reflect

a changing energy situation would be felt

ed by making only 90 percent of the total

first by farmers raising irrigated crops.

energy use in the base run (Model A)

Using the above (Table 1) national aver

available for onfarm agricultural produc

age energy intensities, irrigated crops

tion, fertilizer production, pesticide

require approximately twice as much energy

production, and transportation of raw

as do dryland crops in producing an equiv
alent unit of output.

agricultural products.

Therefore,

This condition

does not mean that irrigated crops overall
2.4

REGIONS USED

are less economic efficient than dryland

Even though the analysis of the model is

crops.

based on producing areas and market re

capital, etc. also must be considered.

gions for presentation of the results,

Irrigated crops frequently require less

the United States is divided into seven

land, labor and even capital than do dry

major zones (Figure 1).

land crops per unit of output.

These zones are

formed by aggregating adjacent market
regions [3].

Figure 1.

The seven major zones.
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Other inputs such as land, labor,

Table 1.

U.S. average fossil fuel energy3 required to produce a
unit of output under the base run in 1985.
Irrigated Crops

Dryland Crops

Unit

Crop

1,000 KCAL Per Unit Output
Barley
Corn grain
Corn silage
Cotton
Legume hay
Nonlegume hay
Oats
Sorghum grain
Sorghum silage
Soybeans
Sugar beets
Wheat

bushel
bushel
ton
bale
ton
ton
bushel
bushel
ton
bushel
ton
bushel

30.027
30.832
154.162
2,963.243
632.963
656.716
l b .333
32.182
122.062
59.806
131.855
37.435

13.093
16.415
116.588
1,675.731
346.705
555.992
11.368
19.096
109.746
17.127
87.365
20.856

aFossil fuel energy includes energy for machinery, crop drying,
irrigation, fertilizers, and pesticides.
Corn grain, a major crop in the United

It is important to indicate that increased

States, is used to demonstrate how re

exports would reverse the shift indicated

gional energy requirements vary between

above.

regions (Table 2).

of feed grains for exports would increase

Rainfed eastern re

The need to produce large amounts

gions require between 8,000 KCAL and

grain production on irrigated land in the

16.000 KCAL to produce a bushel of corn.

West and Southwest even when farmers are

On the other hand, irrigated western re

facing energy prices which are twice as

gions require between 20,000 KCAL and

high as 1974 energy prices.

46.000 KCAL.

Thus, as energy prices

4.

REGIONAL ENERGY USE

rise, crops such as corn tend to move
Energy is a very essential resource in

from the West and the South toward the
Midwest.

agricultural production.

For example, the production of

a bushel of corn grain shifted to the

production (Table 3), are mostly related

North Central region from the South Cen
tral region could save, on the average,

to changes in irrigation.

Thus, western

regions (South Central, Northwest, and

23.000 KCAL, which is more than the per

Southwest) show the largest reduction in

bushel energy required for corn produc
tion in the North Central region.
Table 2.

Regional varia

tions of energy consumed in agricultural

energy use under high energy prices

Corn regional energy requirements under the base run in
1985.

Zone

Acres
(1,000)

North Atlantic
South Atlantic
North Central
South Central
Great Plains
Northwest
Southwest
United States

2,892
4,516
42,823
1,331
11,076
140
108
62,886

Irrigated
(percent)
0
0
0
84
7
100
100
3
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Energy Required
(1,000 KCAL per bushel)
8.750
23.959
16.282
38.951
15.733
46.235
23.981
16.901

(Model B) and an energy shortage (Model
C) .
Table 3.

Regional energy use and changes from the base run in 1985

Zone

Base Run
Model A

High Energy
Prices
Model B

Energy Shortage
Model C

1012 KCAL
North Atlantic
South Atlantic
North Central
South Central
Great Plains
Northwest
Southwest
United States

7.468
31.572
104.842
50.901
53.230
15.076
29.348
292.438

North Atlantic
South Atlantic
North Central
South Central
Great Plains
Northwest
Southwest
United States

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

7.132
30.821
101.474
46.827
52.858
10.965
27.277
277.353
Changes from Model A
95.20
97.62
96.79
92.00
99.30
72.73
92.94
94.84

Doubling of energy prices would lead to

6.742
29.512
99.246
40.161
51.547
9.901
26.085
263.194
90.28
93.48
94.66
78.90
96.84
65.67
88.88
90.00

Hence, production must shift from major

an overall reduction of about 5 percent

irrigated regions to major dryland regions.

in energy use in agricultural production.

This, of course, assumes that additional

However, that reduction varies from a 27

dryland is available in rainfed regions.

percent reduction in the Northwest region
to less than 1 percent reduction in the

Increased exports of agricultural products,
however, might make this proposition obso

Great Plains region.

lete .

An overall energy

In addition, we must not ignore

shortage of 10 percent would result in a

other considerations such as regional

34 percent reduction of energy use in the

development and environmental impacts of

Northwest region and only about 3 percent

increased agricultural production in re

reduction in the Great Plains regions.

gions which might be susceptible to soil
erosion.

The relative regional reduction in energy
use under both situations, i.e. high

The results of the above analysis on ener

energy prices and an energy shortage, re

gy use in agricultural production is heav

flect the relative regional productivity

ily dependent on nongovernmental interven

of energy in agricultural production.

tion in the energy market.

The relative productivity of energy in
irrigated regions (South Central, North

The analysis

assumes that fossil fuel energy would be
allocated by the market mechanism such

west, and Southwest) is smaller than the

that agricultural production would make

dryland regions (North Atlantic, South

the best use of the scarce energy availa

Atlantic, North Central,and Great Plains)

ble to it.

In general, if we were trying to maximize

An energy allocation system,

such as energy rationing, would completely

return from an additional unit of energy,

change the above energy allocation, and

we would best use it in dryland farming

as shown elsewhere [2], would lead to an
inefficient use of energy.

rather than in expansion of irrigation.
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5.

for the eastern regions.

REGIONAL LAND USE

High energy

prices would not increase land use in
The existence of idle cropland was the
important factor allowing U.S. agricul
ture to expand rapidly and greatly in
crease exports.

Until recently, U.S.

agricultural policy was oriented toward
holding cropland out of production to re
duce excess supplies of farm products.
Since 1972, however, the sharp increase
in agricultural exports led to the removal
of all set-aside and other programs aimed
at controlling production.

The analysis

of land use shows that this important
natural resource can help in eliminating

eastern regions significantly.

It would

mostly lead to a substitution of dryland
farming for irrigated farming in the West
However, an energy shortage as shown in
Table 4, also would result in increased
land use in the eastern regions.

Thus,

the relative production capacity of the
western regions would decline in response
to increased energy prices and an energy
shortage.

The regional advantage of eastr

ern regions would, therefore, increase as
the energy crisis deepens.
6.

some of the adverse interregional impacts

REGIONAL INCOME CHANGES

associated with high energy prices and an

High energy prices and an energy shortage

energy shortage.

have an important impact on farm income
and on the regional distribution of income

Increased use of cropland (Table 4) allows
agriculture to maintain production when

from farming.

energy use declines.

off under an energy crisis depends, in

The 5 percent reduc

Whether farmers are better

tion in overall energy use because of high

part, on agricultural exports and the in

energy prices, would increase overall land

crease in input prices due to higher ener

use by 3.5 million acres.

gy prices.

But an energy

use by almost 7 million acres.

In general, the inelastic de

mand for agricultural commodities implies

shortage of 10 percent would increase land

that higher commodity prices would in

In both

cases, the reason for increased land use is

crease farm income under reduced supplies

the substitution of dry cropland for irri

and higher prices for energy.

gated cropland.

input prices increased substantially and

Such a substitution nor

However, if

mally requires more than an acre of dryland

farmers cannot pass these additional costs

for an acre of irrigated land.

to the consumers (commodity prices would
not increase enough to cover both direct

Regional changes in land use are very im
portant.

and indirect energy cost increases), then

Under high energy prices, the

farmers could be worse off under an ener

Great Plains and the Northwest regions

gy crisis.

show the largest increase in land use.

While this kind of cost

squeeze is possible, it does not seem
probable. High energy prices would reduce

Increased land use for both regions under
high energy prices is accompanied by a

irrigated acres and would cut down nitro

substantial drop in irrigated land use.

gen application.

Thus, for example, under high energy

Both factors are expect

ed to reduce crop yields and agricultural

prices total land use in the Great Plains

output.

region increases by more than two million

Lower agricultural output, in

general, means higher farm prices.

acres while irrigated land use decreases

But

because of inelastic food demands, it also

by one million acres.

means higher farm income.
In general, the changes in land use for

Such income

increases, however, are not distributed

the western regions are much larger than
808

Table 4.

Total regional land use and changes from the base run in
1985.a
Base Run
Model A

High Energy
Prices
Model B

Energy Shortage
Model C

1,000 Acres
North Atlantic
South Atlantic
North Central
South Central
Great Plains
Northwest
Southwest
United States

11,420
40,790
135,608
53,567
74,067
11,677
8,698
335,825

North Atlantic
South Atlantic
North Central
South Central
Great Plains
Northwest
Southwest
United States

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

11,431
40,788
135,296
53,717
76,339
13,085
8,624
339,278

11,382
40,789
137,480
54,502
76,249
13,166
9,152
342,717

Model A=100
100.10
100.00
99.77
100.28
103.07
112.06
99.15
101.03

99.67
100.00
101.38
101.75
102.95
112.75
105.22
102.05

Includes land use for endogenous crops only.
equally among region (Table 5).

Western

regions (Figure 2).

For some crops, these

irrigated regions would be relatively worse

changes could be extremely important.

off and eastern and midwestern regions

example, the past trend of cotton shifting

would be relatively better off in income.

from the South Atlantic region to the

Table 5.

For

Regional farm income share for production of endogenous
crops in 1985.

Zone

Base Run
Model A

High Energy
Prices
Model B

Energy Shortage
Model C

Percent
North Atlantic

4.72

4.70

4.49

South Atlantic

13.96

15.88

17.74

North Central

46.90

47.98

51.69

South Central

9.33

8.26

6.22

16.35

16.05

14.32

Northwest

2.29

1.68

1.34

Southwest

6.45

5.45

4.20

100.00

100.00

100.00

Great Plains

United States

Changes in regional farm incomes under an

Southwest might even be reversed as most
of the cotton in the South Atlantic region is grown on dryland and cotton in
the Southwest is mostly irrigated.

energy crisis are basically a reflection
of changing relative regional advantages
in favor of dryland farming.

Such longrun changes would improve the relative

The study does not deal directly with the

income position of eastern and midwestern

regional impact of the energy crisis on
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Figure 2.

Changes in farm regional' income share under
high energy prices and a 10 percent energy
shortage compared with the base run.

rural communities or the agribusiness

manufacturers should, however, anticipate

sector.

increased demands for the type of irriga

However, some possible impacts

should be noted.

tion equipment which requires less energy

Rural community income

is closely related to farm income.

to operate.

There

Demand for irrigation equip

ment that improves irrigation efficiency

fore, increased farm income in the dry
land farming regions because of an energy

(sprinklers for example) might also in

shortage would have a positive impact on
the rural communities in those regions.

crease.

What would happen to rural communities in

in many cases would mean lower energy ef

Unfortunately, increased irriga

tion efficiency via sprinkler irrigation

the West depends upon the impact of the

ficiency as the operation of sprinkler ir

energy crisis on irrigated farming in

rigation requires relatively substantial more

western irrigated regions.

more energy than other irrigation methods [1].

These impacts

might be greatly different under different
export levels.

7.

SUMMARY AND CONCLUSIONS

Undoubtedly, low agricul
The regional impacts of an energy crisis

tural exports accompanied by an energy

are shown to be especially associated with

shortage, would cause income and employ

irrigated farming.

ment, both farm and nonfarm, to decline

Western regions which

depends on irrigation for much of their

markedly in many communities of the West.

agricultural output would, in the long
The impact of an energy crisis on the

run, lose much of their agricultural pro

agribusiness sector depends on the spe
cific service performed by the agribusi

duction to eastern regions. They also
would face a conversion of irrigated crops

ness firm.

to partially irrigated or dryland crops.

Fertilizer dealers would face

declining sales as farmers reduce their
commercial fertilizer application.

An efficienct regional allocation of

Simi

energy to agricultural production under

larly, irrigation equipment manufacturers

high energy prices and an energy shortage,

would face lower sales of new equipment

requires a large reduction in energy use

as irrigated farming profitability would
be reduced.

for irrigated western regions and much

Irrigated equipment
810

smaller reduction for the dryland eastern

The above regional changes also effect

regions.

regional farm income.

Forcing an equal proportional

If farmers can

reduction of energy for all regions would

pass to the consumers the additional

be economically inefficient and would re

costs incurred because of reduction in

duce the production capacity of U.S.

energy supplies and increased land use,

agriculture [2].

then overall farm income would increase.

Reduction in energy use because of an

However, regional shares of farm income

energy crisis causes an increase in land

still would be greatly effected.

use.

the long-run the relative share of dry

Most of the increase is because of

In

the substitution of dryland for irrigat

land farming regions would increase while

ed farming.

relative share of western irrigated re

A small reduction in energy

use would likely result in conversion of

gions would decline.

irrigated crops to dryland crops in the

would impact negatively on rural commu

These changes also

same regions. But with a more severe
energy crisis, production shifts east

nities and the agribusiness sector.

Un

less export of agricultural commodities

ward from irrigated regions to dryland

increase substantially or something were

regions.

done to offset the adverse impacts of an
energy crisis on western agriculture, we
could expect a relative decline in the
agriculture of the West and increased
intensity of farming^ in the Midwest and
East.
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ON-SITE GENERATION OF ELECTRICITY
— AN IDEA WHOSE TIME HAS COME —
Thomas R. Casten
Cummins Engine Company, Inc.
Columbus, IN 47201

Abstract
Generation of electricity, on-site, with recapture of waste heat
can save many area concerns up to 50% on their total energy costs
today and save up to 60% of the total fossil fuel presently used.
The very favorable economics result from increased utility costs —
a phenomenon of the past three years. The efficient use of fossil
fuel is a feature of on-site power generation. This article
traces the history of "total energy" and describes how and where
on-site generation of electricity makes sense.
1.

INTRODUCTION

1

The better utilization of fossil fuel over

2.

WHAT IS "TOTAL ENERGY"?

On-site generation of electricity is some

the next several decades is generally con

times employed in place of utility power,

sidered essential if we are to maintain

using a prime mover such as a diesel

and increase world standards of living.

engine and a generator to create electric

Our major end form of energy -- electric

ity.

ity —

is not very efficiently generated

and transmitted.

industrial firms found that 343 or 22.4%

On average in the USA,

generated some electricity on premises.

used electricity represents only 29% of
the input BTU's —

A Power magazine survey of 1453

Self generation is obviously not a new or
novel idea.

less than one-third

efficiency.

The mechanical output of any prime mover

Over the last several years, we have ex

is roughly 1/3 of the BTU input of the

plored the use of on-site generation with

fuel, whether the prime mover is a multi

waste heat recovery as a way to improve

megawatt steam boiler/turbine or a diesel
engine. Gas turbines have even lower

the efficiency of fuel usage.

This arti-

cal explains how up to two and one-half

efficiencies of fuel conversion to mechan
ical energy.

times the amount of useful work can be
gotten out of each barrel of oil by using

Almost always, the other 2/3's of fuel

on-site generation or "Total Energy."

BTU's are wasted or worse, cost mechanical
energy to dissipate.

The removal of heat

from cooling water is a further user
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of energy in the modern central utility
station.

capital costs of on-site plants,
(3) Mass produced on-site generators

The 2/3's of input BTU's that are typical

have not increased nearly as

ly wasted are low grade, i.e. below 1000°,

rapidly in cost and currently

but they can be largely reclaimed and made

average $250/KW,

to do useful work in space conditioning
and process heating.

"Total Energy" is

the label often given to any plant that
reclaims some of the low grade by product
heat of the prime mover. Total Energy
plants are up to 75% efficient versus the
national average for delivered utility
power of 29%.

(4) Local governments have levied
special taxes against utilities,
raising prices, and
(5) On-site plants have become more
automatic, more durable, and
require less labor and maintenance
than earlier.

Hence, a total energy

plant achieves over twice as much work
from a unit of energy as does conventional

Figure 1 shows the changing economics of
on-site diesel generation since 1960.
(See rear of paper).

generation.
3. WHY DOESN'T EVERYONE USE TOTAL ENERGY?

By 1974, a large user in the Northeast USA
could save money with total energy, and

In spite of the savings in fuel, most con

the savings have grown steadily ever since.

sumers continue to use purchased electri
cal power. Why? Several answers give
us some insights into past, present and

A recent typical total energy installation

future economics of on-site generation.

utility charges.

Throughout the 50's and 60's, energy costs

there would have been no savings.

were low and falling.

The energy portion

promises its owners a 35% rate of return
and savings of 50% in fuel costs versus

4.

Three years earlier

FUTURE PROJECTIONS

of electrical cost was small relative to
capital and labor costs.

Further, utility

central stations could be built for $100
to $150 per KW.

This was cheaper than

the cost of an on-site generating plant.
And of course, labor per KW at a giant
station was less than at a small, on prem

versus commercial electricity. The summary'
reasons are:
(1) 5 to 7% growth in electrical demand
plus 2-1/2% annual obsolescence
forces utilities to add 7 to 10%

ises plant.
The graph titled "Costs to Large Indus
trial Users" shows that economics have
only recently swung towards on-site gen
eration with diesel power.

Ten year future projections suggest even
greater savings for on-site generation

Reasons

include:
(1) Fuel costs have quadrupled,

new capacity each year at capital
costs 3 to 6 times the average cost
of today's installed generating
capacity.
IMPACT -- Will raise national
average fixed charges
from 3.7 mills/KW to

(2) Environmental and safety regu

11 mills/KW.

lations plus other factors have
pushed central generating plant
costs to $500 to $1,000 per KW —
up to four times the present

(2) Coal and uranium prices are still
catching up with oil prices, but
long term supply contracts are

running out.

For example, Boston

people are unwilling to bet on $13/barrel

Edison has contracts for $8 per

plus oil prices in the next few years.

pound uranium which run out in
1980.

IMPACT —

Many utilities are in a

Gross fuel oil costs for on-site
power will rise by less than 6%

similar expiring contract situation.

and, after crediting heat

Current market price is $40 per

reclaimed, fuel costs will rise
at less than 3% per annum.

pound and predicted to rise to
$75 - $100/pound.

Operating costs of self generation are in
part the cost of repair parts which are

IMPACT -- Utility fuel charges will
rise about 10% per year.

mass produced and historically subject
to productivity increases.

(3) Utility operating costs have shown
little productivity increase over

IMPACT -- Operating costs will rise at or

the past decade and can be expected

below overall inflation.

to increase with general inflation,
each year.

Capital costs are, thanks to mass pro
duction, relatively low and fixed.

IM PACT

-- Operating costs will rise

ing at around $250 per KW of generating

6% per year.
TOTAL IMPACT —

Start

capacity, or 1/2 or 1/3 of the cost of

Average US utility

prices will rise 9% to

new utility generating/transmission capa
city, the on-site generation plant locks

11% per year through 19 85.

in capital charges.

The plant lives for

In contrast, self generation costs are

12 to 20 years and becomes ever cheaper

likely to rise only 4-6% per year over 10

in real terms if there is any general

years.

inflation.

The key reasons are:

IMPACT —

(1) OPEC cleverly fixed world oil

There is no increase in amor

prices near the break even point

tization costs to self genera

for other more exotic energy

tion in times of inflating

sources.

utility capital costs.

At between $12 and $16

per barrel oil prices, shale oil,

This summary look at the next 5 to 10

coal gasification and liquefaction
and solar energy all become econom

years predicts utility prices increasing

ically attractive.

9 to 11% on average while self generation

Any further

increases only 4 to 6%.

The savings

increase in real oil prices will

through self generation increase each

call these technologies forward,

year and even facilities which are pre

and OPEC's fear of new energy

sently marginal candidates for self gen

technology are now moderating

eration become attractive.

price increases.

Since 1973, oil

prices have not kept pace with

5.

HOW DOES A TOTAL ENERGY PLANT WORK?

world inflation.
We do not see US oil prices rising anymore

A typical total energy plant begins with

than general inflation and predict less

three to six diesel engines, efficient

than inflation rises in the world markets.

and reliable prime movers.

Recent withdrawals from Colorado shale oil

attached a generator and electronic gov

ventures confirm that knowledgeable oil

ernor which in conjunction with the
815

To each is

60 cycle current with voltage quality

Now the heated water is ready to do useful
work.
In most retrofit applications, this

often exceeding utility power.

heated water flows through a heat ex

engine control panel will provide even,
A clock

correction device is installed to auto

changer where it may transfer its heat to

matically adjust governors so that average

building water.

frequency is precise over time.

hot water heating, and absorption air con

Space heating, domestic

ditioning are the three most common uses
At any time from one to all but one gen
erator set operate, according to the load
demanded.

of the heat in this water. Whatever the
-use, the on-site generator saves fossil

At least one generator set is

always kept in reserve.

Thus, for the

user to experience even partial power loss,

fuel and money.
An alternate scheme utilizes higher engine

two generators must fail without inter

temperatures and makes steam.

vening repair and during peak demand.

of the recovered waste heat is simply a

The form

function of the needs of the using facility.
Since most mechanical problems in diesel
engines occur slowly and give warning
signals which are picked up by approach
safety monitors, problems that will arise
are nearly always corrected before outage
conditions are reached.

An outage record

Balancing is essential and accomplished
by automatic valves which are temperature
driven. Any excess heat remaining in
the engine water is vented in a remote
radiator and cooling water returns to the
engines at a uniform temperature.

of five minutes in six years was achieved
by Southside Junior High School in

Since the total energy plant is about 75%

Columbus, Indiana.

efficient, balancing upwards can be eco

Equipment is even

nomically achieved by use of electric

more reliable today.

resistance or immersion heaters.
But this is only the electrical output.
Each unit of energy output to the crank
shaft is matched by a unit of energy to

can be made up by electric heaters, causing
more load to be placed on the engines. The

the cooling water and a unit of energy
to the exhaust.

Any

shortfall of building hot water or steam

engines immediately increase fuel rate,

About 6800 to 7000 BTU's

generate more kilowatts, and reject addi

of waste heat are thus produced for every
kilowatt of electricity. The challenge

tional heat to the jacket water and ex
haust gases.

is to recapture and use some of this

This causes about 75% of the

input fuel to be converted to heat.

waste heat.

A

well maintained boiler will not convert

Cooled water enters all diesel engines

energy at over 85% efficiency, and many

on the site and picks up 12° to 15°F. in

existing boilers are less than 75%

temperature, collecting waste heat equal
to the BTU content of the electricity.

efficient.
So use of the on-site plant
as a "boiler" is comparable to a pure

Next, the heated water flows through ex

boiler in cost, and an excellent balancing

haust heat recovery silencers.

technique.

Exhaust

gases at 1000° flow around tubes full of

An example of these techniques in action

jacket water and give up 500 to 750°

is an ice cream plant in New England.

before being vented to the atmosphere.

Switching to on-site diesel generation of

The water gains half again as many degrees

their annual 4 million kilowatts allowed

as it gained in the engine.

the facility to scrap its two existing
816

in commercial service, often providing

boilers and save 33% of the total BTU's
formerly used. The overall impact of the

considerable savings to their owners.

plant saves society 166,000 gallons of

This all means that self generation may

diesel oil/equivalent per year.
6.

make good sense to a medium sized user

COSTS

paying over 49 per kilowatt for electric

The capital cost of on-site generation,

ity.

with waste heat recovery will range from

low grade heat, commercial rates of over

If the facility has a good use for

3.59 per kilowatt may make self generation

$225 to $300 per KW generating capacity.

attractive.
Gross operating costs vary slightly with
7.

SIZE LIMITS

load profiles but approximate 2.89 per KW
for fuel and .79 per KW for repairs,

Self generation involves a series of

maintenance, oil changes, and overhauls,

fixed costs for any sized plant —

or 3.59 total per kilowatt generated.

fact which makes self generation for the

Net

a

operating costs are lower by whatever

user with less than 125 to 150 KW peak

credit is due for fuel and maintenance

demand uneconomic.

saved by waste heat use.

demand exceeds 150 KW, the more econom

The 5000 BTU's

The more the peak

of waste heat typically recoverable per

ical the system —

kilowatt generated range in value from

rates begin to fall also as the user's

1.49 per KW if replacing residual fuel

consumption and peak demand are larger.
The range of 350 to 3000 KW peak demand

oil to 39 per KW if replacing liquid gas.
Not all waste heat will be used each month,

but utility block

has to date proven most attractive on

so average costs, net of generation may

retrofit while larger jobs make sense

range from 29 per kilowatt to 2.89 per

in new designs.

kilowatt.

8.

FINAL NOTES

Capital amortization adds .59 per kilowatt,

Self generation with heat recovery has

but we typically consider all operating
savings as a return on investment and

been around since 1920 and is a typical
feature of all ocean going vessels.’ Up

then evaluate project feasibility based

to World War II, many firms generated

on total return. After tax returns of
over 15% are attractive to most firms

their own power, but seldom recovered

and can be taken as a hurdle rate.

any heat. Between 1942 and 1973, utility
rates made self generation with any fuel

Recent analyses have shown up to 50% after

but natural gas uneconomic.

tax returns on investment.

reliability of on-site generation over

Throughout the post war period, diesel
engines, modest sized generators, and

utility power is not quantified normally,

control equipment have been improved and

but certainly sweetens a self generation

made more reliable.

project.

diesel will run 20,000 to 25,000 hours

The extra

The last 12 years have seen

Today's high speed

major Northeast electrical failures three

between major overhauls in on-site gen

times including the August 9 Hurricane

eration duty, and automatic control

Belle.

panels of utility station quality are

Nationally, electricity outages

have averaged 3.2 hours per year over
the last 20 years.

available at affordable costs.

Self generation

The USA is projected to spend $375 billion

facilities continued through each break

in the next 10 years for electrical
817

generating equipment and transmission
lines.* This capital sum can be cut by
a factor of four wherever on-site gen
eration is chosen, and each barrel of oil
can be made to do two and one-half times
as much useful work.
For all these reasons, on-site generation
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(a)* Arthur D. Little, "Electric Power Outlook to 1985"
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